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0 High power optical fiter. 

® An optical liber for use with high power infrared radiation. The cladding, which may be restricted to the ends, 
consists of alternating layers of different refractive indices. Preferably the core is a crystalline haiide of silver, 
thallium or cesium, one of the alternating cladding layers is crystalline lead fluoride and the other alternating 
cladding layer is crystalline germanium or silver haiide. The middle portion of the core may be not covered oy 
the cladding or covered by fewer layers. A metal layer may cover the cladding. A resin layer having a refractive 
index not larger than those of the cladding layers may cover the cladding. 
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HIGH POWER OPTICAL R6ER 

BACKGROUND OF THE iNVENTICN 



p'gid of tt^e 'nvention 

3 

The oresent invention relates to an optical fiber ior transmitting infrared light with 'ow io3S. 
The present invention also relates to an mfrared^ray optical fiber with nigh machanical stapnty arc cw 
transmission loss. 

3ackgrouncj of the Invention 

Cart}on dioxide laser light has been used for various purposes in the fields of industrial processing and 
medicine becaues it can generate high poi^er. 

15 The COz laser light has been led to an object through a combination of mirrors or the like m crcer \i 
prevent the tignt power from being attenuated. However, revoiute mirrors are inconvenient to hanoie ana 
difficult to use. The desire has increased to use a flexible optical fiber as a transmission line of the COj 
laser. However, optical fibers such as silica glass fibers can not be used for transmitting the carbon cioxide 
'aser light because the wavelength of the light has a large value of 10.6 micrometers. 

20 Recently, optical fibers for transmitting infrared light with low toss have been developed. Such infrared 
light fibers are roughly classified into the two groups of crystal fibers and glass fibers. The group of crystal 
fibers inludes those made of thallium haltdes (for example TlBr. Til, net, and mixed crystals thereof), those 
made of alkali halides (for example, Cst. CsBr. K8r. etc.), and those made of silver haiides (for ?xamp!e. 
AgBr. Agl. AgCI. and mixed crysuls thereof). The group of glass fibers includes those made of :pai- 

H cogenide glass mainly containing Ge*S, Ge*Se. As-S. As*Se or the like. 

Silica glass fibers for visible light or near infrared tight have the property of low loss and are easy :o 
manufacture and convenient to prepare long size. However, the above infrared*ray optical fibers caoaoie of 
trasmitting CO] laser light disadvantageously have a high absorption property and. compared with the smca 
glass fibers, are difficult to manufacture in small diameter and long length. 

JO 3ecause CO2 laser light is used for its light power and because it is unnecessary in .^any c3S6s to 
transmit the light power over a long distance, flexible infrared«ray optical fibers may be useful even if they 
are short in length. Even if the fibers are about one meter in length, the optical fibers are useful. 

The carbon dioxide laser light is stronger in light power compared with other laser light and oscillates 
continuously. Accordingly, the absolute quantity of power traveling through the fiber is very !arge. 

35 Accordingly, a proMm exists in that the fiber is intensively heated and is injured if even a little absorption 
occurs at the fiber. 

In the case of a siGea opdcal nber or the like for guiding visible light or near infrared light, the optical 
fiber generally has a double structure of a high refractive core and a low refractive cladding formed around 
ttie core. 

40 If the difference in refractive index between the clad and the core is very large, many modes of nght are 
undesirably propagated. The advantage of the silica glass fibers exists in that the condition of propagation 
is not disturbed by external ccditions because of the presence of the cladding, in the case of infrared*ray 
optical fiber. It is difficult to or n a proper cladding matehal corresonding to a core materia). 

Although it has been de oed above that crystal fibers made of thalKum haiide. alkaM halide or silver 

4$ halide have been deveiopeo as infrared*ray optical fibers, most of those crystal fibers have a single 
structure of a core fbmned of such a material, in other words, most of those crystal fibers have no cladding 
but only air functioning as a cladding. 

Rg. 1 shows such a fiber having nothing but a core 1. Because it is considered that air forms a 
cladding, such a structure is often called "air clad structure". That is, the air forms a cladding with a 

so refractive index of 1. 

In this drawing, the silver bromide core 1 (refractive index: 2.2) is sunounded by air (refractive index: n. 
Because the air efficiently transmits infrared light and is low in refrsctiv index, the air functions as a 
cladding. 

As shown in Rg. t an infrared material lower in refractive index than the core material has alternatively 
been used as a cladding 2. 
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•n tris ^Kamcie. T.e :cfa i 3 .^ace :; 5i«ver crcm-cs Ag8r). :i3 .-gfractive r<i3x $ 22 - ^sc^c: *: 
:3fbort diox:ce :aser igni. c'aactpg 2 •$ rr.aae silver cr^ionoe (AgCl). Jls -^rracttve r^cex s * H 
'3so6ct :c -fe same igri. '^*'e term *'3frac::ve ndex** jsed n tjs iescrption Tsans a afncv ,B "Tac • " 
^esoect -0 :^e wavelength :f :aroon cicxjce asec ••ghi. Fjrtrermore. as snown n Pq. 3. a .-^Sir i .-33 c?^- 

3 -sad as a ciacamg :c :cai '.ne ccra tor guiding infrared .ght. in \M exarroie. :re :ofe \ 3 rnade n • ?r 
crcnnioe lAgBr. -efracKve r:dex: 2 2). and i?:e c:aading .-esin 4 is made or soiyeihyere irefractr.e r zb* 
J 92). Its .*efrac::v9 index is 2.2 .vith respect to carCon dioxide =aser :'gnt. The c:r?erenr cc»ni -zr^ 2 i 
:rat ccivetnyiene fa resin) ,2ces not sufficently transmit nfrarec ::gnt. That is. soiyeir^y.ene s a '^-.r.r-* 
issoroing naterial. Other ^esms have also been used to be substituted ^or coiyethy:ene 

•0 However, serious prooiems occur when the above<escnbed optical <it:ers are osea to iransmn -sc.'' 
power carbon jioxide 'aser 'ight. The nber having an air clao strucrure as srown n =*g. • :r -avrg j 
3Cubie structure of an AgBr core 1 and an AgCI cladding 2 as shown in Fig. 2 has sucn 3 -reiec: as 'c:ic v« 
•iVhen this tiber is not in contact with any support this fiber can transmit reiativiy mgn power ignt. ro-vevar 
/vhen the *iber :s supported by a certain supoort. the quantity of power which can oe :ransnr.i:ted s ;'9at!v 

t$ raduced. if higher power «s transmitted, the Kber is neated at ihe portion contacting with che succcr i.^'C s 
•nstantiy fused. 

Because che fiber should be always supported in practical use. the Hber js always c:rtact .vitr. a 
certain support. Accordingly, the fiber cannot trasmit high power light in order to avc«d fusing at me ccrrac: 
portioft. 

:g With respect to the fiber having a double structure of an AgSr core t and a polyethylene cladding x 1% 
shown in Fig. 3. the polyethylene cladding 4 is rapidly heated by laser light so as to be meited. Then, re 
fiber core is meited so that the fiber is fused. 

Accordingly, the fiber can transmit only very low power light even if the fiber is not m contact with :re 
support. 

2S The cause of such problems can be estimated from the consideration of the optical fiber wim respect to 
the distrtbuoon of electromagnetic field in the mode of a propagating light wave. 

One mode of light within the optical fiber 1$ the tight mode that progapates owing to the total refiect'cn 
at the interface between the core and the cladding within the fiber as shown in Rg. 4. if :he argse 7 
between the light wave and the interface is not larger than the critical angle, light is totally reflected. 

JO Although no electromagnetic fiehj can exist in the cladding region in the view of geomeincai oDt.'cs. \ 
can exist therein when wave optics are taken into account. Even in the case where light is totally refiectec. 
an electromagnetic field is practically tailing into the clad portion as shown in Rg. 5. The tailing m :se:f 
does not cause energy loss. The mode of light guided In the core with the tailing is called a guided mode. 
Othen^rise. when light rays within the core is scattered by a certain factor of light scattering as shown n 

3S Fig. 6. light components having various propagating direcitons $ are produced. Because the propagating 
direction « of a part of light exceeds the critical angle, the light is not totally refected but partially passes 
through the core/ciadding interface toward the cladding. This condition is shown in Rg. 7. 

The mode of light passing toward the cladding is called a radiation mode. Because at least one ceaK 
exists at the cladding, power is moved to the cladding whereafter the power escapes from the core. 

40 As described above, there exist an electromagnetic field tailing into the cladding region (in the guioeo 
mode) and an electromagnetic wave propagating to ti^e cladding region deviating from the condition of -.he 
total reflection (In the radiation mode). 

In the case of the air clad structure of Rg. 1 . the electromagnetic field and the electromagnetic «ave 
are absorbed t)y a certain support having large light absorbency to thereby produce heat Thus the fiber >$ 

4s soon fused. 

In the case of the polyethylene dad structure of Rg. 3. the electromagnetic field is absorbed by ?he 
polyethylene layer havtng large light absorbency and is converted into heat energy to thereby cause 
heating and fusing of the fiber. 

m the case of the AgBr core and the AgCI cladding of Rg. 2. the tailing of the electromagneac field mto 
so the Aga clad may be disregaided. However, there exists an electromagnetic field tailing to the surface of 
the Ago cladding. Furthermore, an electromagnetic wave escapes from the surface of the cladding 
(radiation mode). These are absorbed by a support member being in contact with the surface of the 
cladding and are converted into heat energy to thereby produce heat Thus, ttie fiber is fused. 

It Is understood from th abov d scription that th three Wnds of infrared optical fib rs having different 
59 cladding atrucutres as shown in Rgs. 1 to 3 are not satisfactory for transmitting strong carbon dioxide laser 
light 

in the above^escribed investigation, it is ess miai that optical fibers Ibr transmitting hign-power carbon 
dioxide laser light have a structure of compl tely cutting off the "leakage" of an electromagnetic field fr -rr. 
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irte surface of t^e fib^r. 

The optical fibers with no raddtng s disadvantageous 'n :fiat the ccnditicn 3f ^gM vansrr.asicn 3 iz: 
be influenced by surface conoticrs of :nd 'ibers because :ne core of the fibers are directly ^xccsec 
in order to etimirate the disaavantage of a resm coated air-ciad Hber. ic nas oeen prooosea -"at 
5 nfrarea optical fibers are coated with a metal -i^m Jo thereoy protect T.e optical fibers and crevart 
leakage or scattering of infrared :ignt out of the surface. 

For sxamoie. such an mfrared optical fiber coated ^iih a metal film has been prcpcsea «n jacar^se 
Pater^t 'JneKamtned Publication No. 132301/S6 (laid open Octooer. 26. t981). The proposal s that :r^e 
surface of the ooticai fiber core is coated with gold by vacuum vapor deposition. Because gold nav:'*g 3 
'0 '^igh reflectivity for infrared tight is deposited by evaporation, infrared tight is reflected by gcU so that : ran 
not leak out. 

It is. however, difficult for gold to be uniformly deposited on the outer surface of a smaif^iameter ' oer 
by evaporation. Accordingly, the fiber cannot be coated with gold to a sufficient thickness n orcer :o "ct 
wastefully consume much gold. It -s considered that the thickness is limited to the order of '^zn t 
;5 micrometer to 10 micrometers and that the thickness in many cases is afiout 1 micrometer. *here ?x.S(s a 
disadvantage that it is impossible to completely reflect strong CO) laser light to thereby enclose t *t :r^:n 
the fiber because of the insufficient thickness. 

It is considered that a gold outer layer having a thickness of about 10 micrometers increases infrared 
light containment. 

20 If the thickness of gold is increased to eliminate the disadvantage, much gold is required $0 that r.e 
fiber becomes expensive. Furthermore, because part of the light is not reflected by goid and is absorbed oy 
the gold, the gold layer is greatly heated. Accordingly, the fiber cannot transniit strong light. Such a gold 
film as this should not be called as a cladding. The term "dadding* should be used for material, similar to 
the core, through which light can be well transmitted and whrcfi material doee not absort) the light 

2S A method of forming a metal refelcting layer on the outer surface of an infrared-ray optical fiber maoe 
of glass has been proposed in Japanese Patent Unexamined Publication No.i34U/57 (laid open January 
23, 1982). Examples of the material of the glass used in tfte method incfude fluonaB q\as5, chaicoqertcd 
glass, and glass containing elenmnts such as Se. Te. and the like. These kind of materials shouio ce 
formed as a glass without crystallization. It is therefore necessary to cool a melt rapidly. 

20 The proposed method comprises the steps of sucking a melt into a smali^iamBter metal ptpe. 'fiiiipg 
the pipe with the melt, and rapidly cooling the melt in liquid nitrogen. The if^ner wall of the smaii-diameter 
metal pipe is beforehand coated with gold by evaporation to thereby make the reflectivity of the metal pipe 
for light higher than (hat of the original metal pipe 

Thus, the material is solidified as a glass in the metal pipe to be formed into a glass liber. 

3S The proposed method is not applicable to any fiber except a glass fiber. Furthermore, the proposed 
method has a disadvantage that fiber manufactured by the method lacks flexibility because the melt is 
sucked in a rigid metal pipe. The metal pipe used in an example described in the proposal has an external 
diameter of 1 mm and an internal diameter of 0.4 mm. The metal layer assumes a large mickness of 300 
micrometerf. Accordfngfy it fs considered that absorption by the metal layer becomes very large. 

40 

SUMMAflY OF THE INVENTION 

An ol^ of the present invention is to provide an optical fiber which can completely enclose ighi 
4S witfiirt a core with no leakage of electromagnetic HekJ out of the svtfface of the optici fiber. 

A second object of the invention is to provide an infrared-ny optical liber which is not fused at a portion 
of the optical fiber contacting with a member for supporting the optical liber even if high power caroon 
dioxide laser light is passed through the optical fiber. 

An other object of the present invention is to provkJe an infrared^y optical liber having an alternately 
so laminated multi-layer dad. which is sufficiently strong against exiemai mechanical Ibrce so that the fiber :s 
not injured by friction and so that the infrared-Hght containment effect of the multWayer clad is not spoiled. 

It is a further object of ihe present invention to provide an infrared-ray optical fiber provided with an 
altemately laminated mullHayer film dadding in which the optical fiber ha$ a strocture to eliminate the 
leakage of light power out of the circumference of the optical fiber. 
5S It is yet a ftirther object of the present invention to provide an infrared-ray optical fiber provided with an 
alternately laminated mum-layer film dad. in which the optical fiber has a strtJciMre that makes it possible to 
transmit increased light power. 

It is still a further object of the pr99m invention is to provid an infrared-ray fiber provided wth an 
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2::9frav9iy amsrared Ptiti-ayar zaa ,n *imcn :re optical :"ber "2S a str-c:--'? 5C "it -5 :c* ri rr 
can ce arecnveiy prsvenisd ?rcm camg :annaqsd at orminai ?'XiTg coricns. 

Tre .nventiQn can C8 sumrr^arized as a J^t'jri xwer rrrared ^pt^cai '^C€f vr-cr -5 : izzr 7 ^ • - . ' • 
aminate str-vCtura alternating ayers rriarsnais of ::!fferent r3f''2c:;v9 rcicss >a r acnrg tar :r :r: 
3 oniy on the anas cr the ciaading m ihe middle pcriJon can be ccnr^posed o? '^w8f avsrs A -"eta. i.-rf : r 
oe aopiied to the c^adamg. A 'asm ayar can te applied :o Ure c-addmg or tpe matai ayer 

BRIEF OeSCaiPT-QN OF rH£ QRAWINGS 

Pg. 1 !S a oerspective view shewing an example of conveniicral mfrarea -'cer "av'-^g -^o ::addi-.; :r 
other -.vords having an air cladding). 

Ffg. 2 JS a perspective view of a conventional infrared ficer m yvnicn an AgCJ : add.rg s cftvcac 
AgBr core. 

f 5 Fig, 3 IS a oerspective view of a convenoonat infrared fiber m whicn a ociyethyiere c.accirg .5 c- : • := : 
on an Ag8r core. 

Fig. <i is a view m geometncal ootics. showing the patn of lignt totally refiecied :r! a core't acc .-^: 
interface. 

Fig. S is a view showing that an electric 'iied component tailing into the ciad exists even n the ;u:c:ac 
20 mode. 

rig. 6 is a view for explaining that the condition of total reflection :s often removed oy ^isoersion .v thm 
. the core. 

Fig. 7 is a graph view showing the electric field intensity of light in the radiation mode. 
Ftg. 8 is a sectional view of an optical fiber having an alternately ^amtnated Tiulti-iayer Him Ms*: 
25 according to the present invention. 

Fig. 9 is a sectional view of the optica) fiber having an alternately laminated mulb-iayer film accorcir*; :o 
th present invention. 

Fig. iQ is a perspective view of an optical fiber m which the alternately laminated mwiiti''ayer '--.r* s 
provided only at the incident or exit end portions. 

W Fig. 11 is a view for explaining the path of light rays in the alternately laminated muiti*iayar riin. 

Fig. 12 is a view for explaining ihe coordinates and parameters with respect to the aitemataiy amma-ec 
multi-iayer film. 

Fig. 13 is a grapfi view for expiainig the number of waves of light attenuated m the alternately lamiratec 
mulb-iayer film and the thickness of the multi*iayer film. 
35 Fig. u(a) is a view for explaining monolayer reflecuon, and Rg. i4(b) is a view 'or explaining tree- 
layer reflection. 

Fig. IS is a graph view for explaining a preferable range of thickness In the alternately laminated muiti* 
(ayer film. The axis of abscissas shows the thickness A (micrometer) ot film 1 (n^. PbF^). and me axis cf 
ordinates shows the thickness 6 (micrometer) of film II (n^ Ge). The parameter is an oolique angle $i. T'*a 
40 doubly hatched portion ^ shows an optimum area. 

Fig. 18 is a cross section showing the fiber provided with the alternately laminated muiti-iayer ':im 
(N •A ). according to the present invention. 

Ftg. 17 is a cross section showing the fiber provided with the alternately laminated muiti-iayer ' ;rr 
according to the present invention. 
45 fig. 18 is a perspective view of an optical fiber in whicn the alternately laminated multi-iayer riim s 
provided only at the incident or exit end portions. 

Rg 19 is a diagram for explaining a preferable region of the thickness of the altrenatety laminated m.jti- 
layer film, in which the abscissa and the ordinate represent the film thickness a (micrometer) of the 'iim 1 
(hi. PbF2) and the film thickness b (micrometer) of the film H (n^, AgBr). a parameter being an oblique ang:e 
so in the film I. the referefice symboU designating a preferable region. 

Rg. 20 is a graph showing the result of measurement of the amount of light leaking from a side of ire 
core in the case where the optical f^ber core transmits carbon dioxide laser light from one end thereof. 

Rg. 21 is a sectional view showing the structure of the optical fiber according to the present invention. 

Rg. 22 is a graph showing the result of measurement of Ihe amount of light leaking over the whoie 
ss length with respect to the optical fiber (B) of the invention, the optical fiber (8*) after the repetition of 
bending of 10.000. times, the comparative optical fiber (A) having only a core, and the comparative concai 
fiber (A*) after th repetition of bending of 1 0.000 times. 

Rg. 23 is a longttudiant sectional front view of the optical fiber according to the present invention. 

5 
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Ftg, 24 is a 'on^itudinai sectional stde view of a-.8 same. 
Pig. 25 is a cross section snowing me optical ?ibe' acccrdirg to the oresent tnveticn. 
PJg. 2S a ioogitudinaJ siOe view »n section 5ho'«»ng t.e same optical 'i'cer iccorCing :o zmm 
nveniion. 

5 rig. 27 s a graph showing a radial distribution of t.*i6 density of *gni power in ?he cross secncn -a 
optical fiber according to me present invention. 

rig. 28 's a cross section showing the optical fiber according to the cresent invention, n s^r^*cr. re '^sir 
ayer is provided. 

f^q. 29 »$ a perspective view showing only the arrangment of the end portion for t»easuf;rg re 
•'0 temperature rise of the terminal fixing portion when a COa laser beam s passed therethrough. 

Fig. 30 is a graph showing a raaial distribution of the density of light power m :h8 cress 3cc:::n :f ir. 
optical fiber provided wth onty the alternately laminated multi*(ayer film c^ad. 



t$ OETAILEO OESCRIPTIQI^ OF THE PREFERRED EMBODIMENTS 

The \()frzi9d optical fiber according to one aspect of the present invention is characterized n *hat 
fiber has a cladding formed by alternately repeatedly coating lead fluoride (PbFi) and silver bromice 'Aggri 
or silver chloride (AgCl) or germanium (Qe). Any material may be used to ^rm me core as 'ong as it ran 

zo transmft infrared light. 

Lead tluonde has a tow refractive Index, and AgBr or AgCl has a high refractive mdex. The numoer N of 
repetitions of the coating layers of lead fluoride and AgBr (or Agci) may be selected suitably as !ong as it is 
not smaller than 1. The repetition number N of the coating layers of lead fluoride and germanium may be 
arbitrarily determined as long as the nubmer N is not smaller than i. 

25 Fig. 8 shows a longitudinal sectional view of the opticaJ fiber according to the present invention. Fne 
case of N 9 1 is shown. That is. there is shown a simplest embodiment formed by coating with a single 
(ayer of PbF} and a single layer of Qe. It is desirable, however, to repeatedly coat this optical *=ber mxiy 
PbFj/AgBr. An optical fiber core 1 made of a material capable of efficiently transmitting infrared light s 
disposed at the center of the fiber. As described above, the material of the core 1 may be selected suitaoiy 

JO from a thallium haltde crystal, an alkali halide crystal, and a silver haiide crystal, or may be a chalcogenide 
glass. 

The circumference of the core i is coated with a lead fluoride (RbF^) layer 2 and the layer 2 s further 
coated with a germanium (Ge) (ayer 3, Infrared light is enclosed in the optical fiber core \ by means of tt^e 
PbF2 and Qe layers 2 and 3 acting as a cladding. Although this embodiment shows the case where eacn of 
js PbF: and Ge fbrm a single layer, these materials may more effectively form multiple layers. 

Fig. 9 shows another embodiment in which the repetition of PbF} and Qe is increased in number. The 
film formed by the repetition of PbFt and Q% layers is called an alternately laminated muiti-tayer film here. 
One layer of PbFa is called a PbPi layer. One layer of Qe is called a Ge layer. A double layer composed of 
a PbFa layer and a Qe layer is called a unit attemattng layer. 
40 It is most effect^e that the whol* surface of the optical fiber is coated wtih the alternately laminated 
multi-layer film. However, the coating of the whole surface is difficult and expensive. 

In tht case where i lQW<QSt optical fiber structure is required, the coating with the alternately lammated 
multi-layer film may be provided only in th« vldnity of each of the incident and exit end portions of the 
optical fiber. Such a case is shown in Rg. 10. When carbon dioxide laser light is passed through the optical 
4S Hber. th« leakage of light at the incident and exit end portion becomes a maximum. To prevent the leakag 
of light, the alternately laminated multilayer film according to the present invention is provided to coat (he 
incident and exit end portfona. 

In this drawing, the fiber core is made of AgBr with a diameter of 700 micrometers. A PbFi'Ge multi- 
layer film composed of 10 PbFj layers and 10 Qe layers. 20 layers in total. Is provided over a 5 cm 'ength 
50 from each of the incident and exit ends. The film thickness of each layer is 1 micrometer The who»e 
thickness of the multi-layer film is therefore 20 micrometers. 

The light containment effect by means of such a muiti-iayer cladding structure as described above wni 
be explained hereunder on the basis of an electromagnetic field theory. 

Fig. 11 showe a structure of the alternately laminated multi-layer film formed by the alternate lamination 
5S of two kinds of thin layers different in refractive ind x. 

Assume now ttrat light is transmitted at an angle tfo .from the left hand medium having a refractive moex 
no. Th incident light is reflected and refracted suaessively on the respective boundaiies between adjacent 
layers. The place where tt^ incident light is to go and th resulting ampiitud of tire ligh are determined by 

8 
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iver'appir^ 3(1 ;hs -grt c:rnccrer«:s as ?^e rssuit :r -ef'ection snc; -ef^acticn 

In rre -rawing, tre aaemateiy amiratec .T^tj-ti-'ayer 'iim 5 fcr^^so oy -soetition :.f a '^'^r-zir • - f 5 :• 
a film i "avmg a thickress a aro a 'efractive rcex ana a 'tsm h .'•avirg a :r;ck-ess 3 irz 2 
naex -v Initially, -igri 'xisis* n :he 'ert ere arsa. >is araa -s a ccmcn .vr:,:n rorr^sccrds'io .-e ::•-> :* 
5 -jOKcal 'iber and which :3 :aiied 'a sraning ena" or "a starting era .ccr^cn * Let -i: :r5 fe'''3c::v? '•j?' v 
!h9 siafiing end portion. 

TWere ss "^o camcuiar *imii n :he rsiation ;n value among tq. ard- n,. ''"•'^e i^grt iwrt.;n »c,5r::-5 
:cHGueiy ''om the starting 3rd pomon successively to :rte rum 1. -i^e ?i:m n. :r.e *i'm 1 *j:m t : 
oart aiiy reflected at each ooundary and the remaircef ts retracted to advance :o :re "e:<t --^n •--.j 
f^iiecied 'ight is generated at each ooundary. 

■.:gnt rays wiil be now designated jn accordance with -p.e angie formed ceiween :re igrt ano 
ooundary. Cet do be the oblique angle at the starting end gocon. Let it and $^ ce the ccncte argues at 
::im I and the nim il caspectively. Because the boundanes are planes carailei \o each rrer :re 
angles and 9^ at !he film I and the film II are always keoi constant without iemg nrfuencsc :v 
•5 -eoetitlon of refraction and reflection. 

The light having been reflected on a boundary is returned toward the starting end oornon cut s ca^' a - v 
'afiected agajn by another boundary. Reflection is repeated as described above. Accordingly. : -s ices 
always follow that iigni is returned to the starting end portion by the alternately lammated .Tuni-'aver ' •'^ 
Although 'Ight can be really enclosed in the starting end portion (core) by the alternately ^ammated .tili::- 
20 layer film, the effect of containment cannot be explained with geometncal ootics. TTie effect cannot ce 
explained without resort to wave optics. 

This IS a different point from the light containment effect by the conventional simple corec!adc:r^ 
stnjcture using a difference in refractive index. The light containment m the conventional fiber .s '^asi v 
•understood by geometrical optics because it uses the fact that rays being at an oblique angte smaller ran 
25 the lotaJ refelction angle are totally reflected on the boundary. 



Lght Containment owing to the Alternately Laminated Multilayer Film 

JO One paoer dealing with the propagation of light in such an alternately laminated mulci-iayer 'iim s ^ 
Yeh. A. Yariv & C • S. Hong "Electromagnetic propagation in periodic stratified media. I. General :neory ' . 
Optic. Soc. Am. vol. 67. No. 4. (1977), p. 423. 

An alternately laminated multi-layer film is explained on the basis of Fig. 12. Lat 'he x-axis be ira 3.<is 
of Che abscissa. Films I having a refractive index n« and films II having a refractive mdex n^ are aiter'*a;?iY 
3S arranged so as to • perpdndicuiar to the x-axIs. 
Now, parameters are used as follows. 



FilfflS Z: 

Refractive Index ^ 
Thickness a 
Wave Number k 

Films IX: 

Refractive Index n^ 

so 

Thickness b 
Wave Number 3 
Period L Is a b. 



In the films I. there exist an advancing wave 
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3 and 3 retreating wave 



IS 



In the films 11. there exist an advancing -.vave e*^ and a retreating .vave e'"^*. The .vave :n {he z-c-'^cv.o'^ 
can be represented by d. 



where ^ is a phase constant in the 2<directicn. 

Assume that the y*axis is taken in a direction perpendicular to the surface of the paper of Fig, ^3 and 
20 that the alternately laminated muiti-layer film is indefinitely extended in the 2* and yaxes. Although ignr 
really advances both in the x-direcUon and in the ^-direction, the two modes. TE mode and TM mode, are 
distinguished according to the x-dtrection. The TE mode means a mode in which the directions of electric 
fields E and F in the respective types of films are perpendicular to the x«directlon. 

On the other hand, the electric fields £ and F and the differentials dE/dx and dF/dx of the electric fields 
2S in the x*directlon are continuous at the boundary. 

The above-described paper mainly treats of the propagation of light in the x-direction. 

The purpose ot the present Invention is to prevent the propagation of tight in the x-direction to mereoy 
improve the efficiency with respect to the propagation of tight in the 2-direction. 

Although the purpose is different the propagation in the x-directlon is now considered according to :re 
30 paper because propagation and non-propagation can be described by the same mathematicai means. 

The n-th film I and the n<th film II exist from x • (n-i)L to x « nL The (n*i)th Him 1 is in contact wan 
the n-th film it and the x<oordlnate of the contact point is x a (n«i)L The x«coordinate of the contact soint 
between the n*th film II and the n*th film I is x « (n'i)L ^ b. 

The electric field £(x. 2) in th n-th film I is descnbed by the equation 

40 where a,i represents the amplitude of the advancing wave, and bn represents the amptttude of the retreating 
wave. Although tht factor (x*nL> is represented in the term e'*^*^. it «s a notational convenience which 
removes the factor s*^ ftom the amplitudes a<i and b«. Accordingly, the equation is general. 
The elaetrtc field P«{x. z) in the n-th film U is described by the equation 

4S 

where Cn represents the amplitude of the progressive wave, and d« represents the amplitude of the 
regressive wave. 

Because E • P and dE/dx « aF/dx '< 
II. the fdllowing equations should hold. 



so regressive wave. 

Because E "P and dE/^dx « aF/dx at the boundary x a (n«1). between the (n«i)th film f and the n-th ^itm 



ss 



art-l ♦ bn-i - Cr^t^^^ + dnei"!* (6) 
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n :ha ecuaticns. m ^^presents ;r.e A^ave Sumter if a sur^ix s iczsc :c < 'zf Ziscr r-r.^ncn -5 -:: ;•• 
ceccmes ccmoiicTted. Acccrcirgiy. a jiffsrert eitsr 'm" s t^nccraiiy" -58(3 is a >v-cc»'. .ir :.s 
•vaves are 'Centifiea in Pg. i2. 

Because 9 ard jE* 3x « ir^ dx at !re courcary < = .r-i-.L - 0 oer.veen *^e ' * v*: 
5 :l"9 n-ih film 1. the icltowmg aquations snouio ncia. 



0 



The equations (6) and (7) can be expressed m matnx representation as fciiows. 



20 



^5 



JO 



3$ 



(I 1^ 






« 


,1 -1. 









(10) 



Squations (8) and (9) can ba oxprtssad in matrix representation as follows, 
/e'iita .ika 



Ik/m e-ilta -k/m ei"**/ 







a 













(II) 



The following matrix defining the relation between (an.!. bn.i) and faA. o.^) can oe round ^rcn :r:ese 
natnces. 







/ 
• 








where 

•(8 


* A 


■ • 




B 


• i 


SO 


C 


« ♦ 




D 





/ A 



V C 



B \ 



0 ) 



(12) 



(14) 
(IS) 



H It is apparent from the results that the following equations should hold. 
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IS 



A » D 
B » C 

in i.'-.e equations, Creoresents a complex conjugate for C. 
L3t ^^e matrix (i2) ce simptinad as foiiows. 



a » 



/A B 



The norm of the matrix is 1. 



(17) 
(13) 



20 



AO * BC « I 



(20) 



However. H is not a unitary matrix as well as is not a Hermits matrix. 

Generally, a complex conjugate matrix with respect to transposition of a matnx is called a Hermite 
25 conjugate. Let it be expressed by an asterisk. 

Let M be a matrix. Let to be the transposition of a matrix. A Hermite conjugate an be defined as roiiows. 



(21) 



35 



40 



A unitary matrix U can be defined as a matrix having the follovnng relation. 

In other words, a matrix in which the reciprocal matrix U'* is a Hermite conjugate is called "unitary" 



0*1 • 0* 

The norm of the unitary matrix is l. 

|0( . 1 



(22) 



(23) 



4$ The eigenvalue x has a characteristic that the absolute value thereof is i. 

The matrix H determining the wave relation between adjacent layers in the muiti-iayer lilm has a 
characteristic of |H| a i. but the matrix is not unitary. 

The eigenvalue x of the matrix H will be now found. Let w be the eigenvector 



50 



(24) 



' 0 find . the following equation will be solved. 



ss 
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33C3use of ;hi s 1 . ;he following equation ran ce ootamed. 



a2 - (A + 0) X ♦ I • 0 



(26) 



The somtion m the case where {A ♦0)* is larger than 4- is different from the soittion in .:^9 case -'-ar^ 
'5 :A * 0)' >$ smaller than 4. 

In any case, the solution can be descnbed as follows. 



^ » (A 0 t /(A + D)2 . 4) / 2 



(27) 



In the case of (A * 0)^ < 4. the alDSoiuta value of the solution x is i. that is. » This means te 
.oropagation in the ^-direction is without attenuation. This shows oscillatory solutions. 

In the case of (A * 0)^ > 4. the f/vo solutions ar9 real numbers. Let Xi and x? be the solutions, (^en 
25 the product of \t and is i. There two solutions are an attenuation solution and a divergent solution. 

The target of the present invention is the later solution. 

Propagating Mode in the X'direction 

In the case of (A ♦ 0)* < 4. there are two solutions for |x( s i. These are oscriaiory soiu-icrs 
Because x represents one period of vibration, it can be represented by the equation. 



^ • exp (IKL) (28) 

where K is a reai number. Kl gives a phase change at one period L Accordingly, tt may be said that K s 
the number of waves of the propagating light in the x«direction. K is different from k or m. 

CM (KL) • (A ♦ D) / 2 (29) 
^ The eigenfunction w wtll be found by the following equation. 





' B 










m 










^ C > 



(30) 



The matrix has not been normalized but can be easily normalized. 
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' an-1 ' 


1 an ' 











(31) 



^ccofdipgiy. ihe following aquation should ioid. 



' ao 




an ' 












^ bn / 



(32) 



Where ao and bo are components of the eigenvector at the starting end of the alternately .'ammaras 
multi-layer film. 



70 



25 



30 



39 



40 



vbo/ 



(33) 



Light enters into the multi-layer film from the starting and 

If the initial vector is designated to satisfy the equation (33). then the following is ootained. 



bo 
bo 



(34) 



•exp (iKnL) 



(35) 



Th« sum of Itw prolMbility of the existence of the advancing wave and the retreating wave in the n-th 
« film I is eMpressed as follows. 



90 



ss 



l«n|2 * Ib„;2 
From the equation (35), this value is always equal to the fbliowing value. 
'aoi2 ♦ ibo|2 



(36) 



(37) 



This means that th light can pass through the alternately lamhiaied mullHayer film without attenuaacn. 
It is said that th mode of light is a propagating mode with respect to ih x-axis. 
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• However, cecause :he present nvertion treats jne srcoagation n ;re Z'Cirecncn. :r.e -r rehear::/' " ri 
<-direciion s eauivaiert to 'he ^iscersion of anergy n 'i^.e z-oirecnon. ''''at '3. :fe Ticce $ : 

-aciaiton mooe mih 'asoec: :o che z-axis. 



Attanuanon Moca m ;ha x-oirection 



T're acove-tJescrted oaoer '/eats •J'e orooagauon .n '.re <-direction. -towever. :re crasert "ve-r..r 
•eouires the corcition that 'ignt is not dispersed .n iha <-direction. Accorcmgry. pCfrt :r /-e-^ src-.c r-i 
•0 :rangea to the attenuation mode m tt^e x-direction. The attenuation mode ce f^ow ccrsioereo loar 
:ne adove-descnbed appear. 

The case 'Mhere the eigenvalue k is a real number is consiaered. Let i and ; oe r^o r^ots -.neo n * >: 

a t. 

'S 

(A + D) / 2 > 1 
(A > 0) / 2 < -1 

20 

from the eouations (13) and (i 6). (A * 0) / 2 can be described as follows. 



(A * 0) / 2 » ReA 

25 

' COS Ka cos mb - l/2{ro/k ♦ k/m) sin jnb sin ka (40) 
For simplifying the equation. X. Y and y are defined as follows. 

JO 

X - ka (41) 
Y « mb 

J5 Y • 1/2 (m/k ^ k/m) 

each of m and k »s a positive number representing a refractive index, and -y is a positive number larger :nan 
t . If m is^equallo k. 7 ■ 1. As m becomes different far from k. y increases more. In short, t is a scale of 
4Q the re?ractive inde^r 

Let (A+D)/2 bt etplaced by S. Thtn, 
45 S • (A^D)/2 » cos X cos Y • Y sin X sin Y (44) 

Thf equation (44) is rewritten as follows. 
S • cos (X-HY) - (Y-l) sin X sin Y (45) 

so 

From the definitions, X and Y are both positive. From (45). S is not smaller than o and is not larger 
than 1 in the extreme when y a i (m » k). It is because s is cos (X ^ Y). 

However, at y > i. there is a possibility that S may satisfy one of the inequalities (38) and (39). 
ss However. S is not larger than 1 as long as each of X and Y is within a range from 0 to n. This s 
becaus the second term in th left side of the equation (45) is negativ . in short, there is no possibility trat 
the inequality (3d) is valid, that is. S > i. 

However, S < -i may be valid. 

13 



(38) 



(42) 
(43) 
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'0 



fS 
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As y secomes arger than i. -he ran^e of the ccorcirates {K O saiisfying S < -i -s ^rore .v:^3'-90 r-^ 
•ange of the coordinates (X. Y) sauslymg S « -i aa a bounaary is now considered, 
"niis Situation should hold m !h3 extreme ^vhen ihe /aiue o( X • / aooroacres t 



? • V - "/l (47, 

Sucn a transformation is made. This merely expresses the coordinate transformation mat the or-gm .-rcves 
parallel to the point ( t/2. t/2) in an X • Y coordinate system. 
At S s -1. the equation (45) is sutsstituted as follows. 



-I • -COS ( n + ; ) . ( Y . 1) cos n cos C (48) 
This can be rewritten as follows. 



sin2[( c)/21 » (( y- l)/2] 



(49) 



n In the following, a q - p coordinate system transformed by clockwise rotation of the n • {* coordinate 
system by 45* is now considered. The coordinate transformation is shown in Ftg. 14. 



30 



JS 



P - ( n + (50) 
q • ( n+ c)//r (51, 

Because the equation (52) should hold. equatlon(53) should hold. 

cos n cos 5 ■ 1/2 t(cos n - c ) ♦ cos { c ) i (52) 
sln2(p/^) . [(Y - I) / 4] Icos(-f p)+cos(/J q)I (53) 

40 

Because equetton (53) expresses an even function with respect to p and q, it le apparent that this ;s 
symmetric with respect to bott^ trhe praxis and the q-axis. Furthermcre. it'ts apparent that p is 2ero for q a 

49 These points are equivalent to the points J and K of Rg. 14. The point J has the coordinates (0. »/v 2) 
in the p • q coordinate system, in other words, the point J has the coordinatee («/2. • v/2) in the n - r 
coordinate system or has the coordinates («, 0) in the X • Y coordinate system. The point K has coordinates 
( 0. -tr/>/2) in the p - q coordinate system. In other words, the point K has the coordinates (*«/2. ir/2) in the n 
• {- coordinates system or has the coordinates (O.v ) in the X • Y coordinato system. 

so When q is within a range from ir/vSo ir/vSTp has two values. The two values of p are equal in 
absolute value to each other and are respectively a positive number and a negative number. 
From equation (53). the value of |p| increases as q approaches 0 from v/vZ. 
Accordingly, it is apparent that the figure satisfying the equation (53) is shaped like a leaf KWJU as 
shown in Rg. 13. 

ss This is a figure which has the point Q {w/2. ir/2) as the center and wWch is symmetrta with respect to 
both th praxis and th q-axis. 

In the following, the comer angles at th points K and J are considered. Oirrerentlatlon at the points K 
and J is expressed as foUowe. 
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dp/dg « i -'(y - l)/(v ♦ 1") 



(54a) 



'0 



>e corners at :he ooirts K arc j C3ccr»e sharp as > aporcac.^es i "'"s :crners c^ccr^e ^ zi' -s • 
ceccrT'es arge. Fne aosoiuie vaLe of :S ^^ot 'arger than ! Thai is. :re argies 3f 'he :3r'?ef3 '^zr? v 
axiS are ret 'arger man 45' . Acccrzingly. :he curves at the ocmr J and K "ever ;;o out v re X-ax.s ir'c -* 
'•axis. 

As an equation expressing a eaf-uke *:gure. equation ;53l :s an e<ac: acuacion 

in :re 'oilcwmg. (he area of :ne eaf-ike 'Igure :s /curd. As {he area cannot ze ?-'-rd 5*3C!:v ir 

aporoxifration of p < < t .s ^raae based on an assumoticn :rat • i) s snnaii. ""he eciraticn 50' s 

approximated as follows. 



p2/2 s (Y - 1) (1 - p2 * cos q)/4 
P • ^Z(Y -D/IY 1) cos q//I 



(S4b) 
(34c) 



20 The area C of the ieaf^iike Hgure ts approximated as follows. 



Z « J 4pdq 

29 0 
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• B /( Y- l)/( I) 



(54d) 



tt is aoparent from this result that the area of the leaf-fike figure increases as the scate of difference ^• 
refractive index, that is, ( y * M becomes larger. 

When the !eaf«llke figure r^as a large area, the range satisfying S <-i becomes wide. Accordingly, s jcn 
js a condition is suitable for light contatnment. 

It has been understood that the figure expressed by (53) is the ieaf*iike figure of Fig. i3. According!/ 
the region satisfying S < '1 is equivalent to the inside of the leaf as shown by oblique lines. 

In the equatins (44) and (45). S is smaller than o if X and Y are within the (eafHike figure. 

From (27). the eigenvalue K can be rewntten by using S as foitows. 

40 



A ■ S t /S2 - 1 



(55) 



46 As described above, x is the eigenvalue of the matrix H. H relates the n*th amplitudes a^, and b^ ;c -*-e 
(n*i)<th amplitudes a^^t and bi^i. 

When X is selected to be larger in absolute value than 1. it is apparent from the equation (56) that a« 
and bn are attenuated compared with ao and bo. 



so 



ss 



bo 



(S6) 



This expressM the righiward att nuation from 0 to n. Th9 oth r root of v expresses the ieftwart 
attenuation from n to 0. Th leftward attenuation Is mad in' the sam manner as the rightward attenuancr* 
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Such attenuation cinnot 09 ^xpiajned in geometrical optics f the aiierriateiy anr»ira!9C '^u ?>-i,5' m $ 
consid rod in geometncal optics, any kind of sight inouid ie -/ansmnted. >is nfererce -s ;o<"5c: 
region of •! SS ^ i. 

The ?act :hat 3 is not 'arger than i has cen -described. When S is smaller .-han -he ir.^r-.r..:-^ 
s solution appears. What happens if S = -P This s a question, ^crm equauon (55). \ .s aimosi T'^.s 
shows the fact that the wave function is inverted oeiween *t^e n-th ara the \n-ihlh positions cr r ::r»r 
ATords the wave function is changed in the x-direction wuh a perod cf 2L. T"n»s •$ rcthipg 
••efiection. 

GeneraHy. Sragg reflection appears when X rays are trradiated omo crystals or t^e nke. As iirec::cn 
/o of reflection varies, such reflection is also called Bragg diffraction. The theory is me same Because :f>a 
grating constant of crystals is almost equaJ to the wavelengtn of X-rays. X-rays are used. 

Let L be the sudace separation of crystalline pianes. Cat a ^e the >flClinatton a.ngie cf the X-^ays ''aiiirg 
on the crystal. 8ragg reiection occurs when the following equation holds. 



In this equation. Xo is the wavelength of X rays. 
20 Incident X rays are diffracted on the (n-i)-th surface and further diffracted on the n*th surface. When !he 

diffracted rays have an optical path differetice of Xo. the rays intensify each other, tn mis case, the 

difference t^tween the (n-i)th surface and the n*th surface is Xo / 2. The phase difference is v. This 

corresponds to the eigenvalue x s -i. 

In short Bragg reflection occurs fdr S « -1 and attenuation in the alternately lammatac muiti-iayer fi;m 
25 occurs as S becomes small, so that light can be enclosed in the x-direction. The present invention cleverly 

utilizes this fact 

The wavelength of carbon dioxide laser light is 10.6 miaometers in a vacuum, it becomes shorter n a 

medium having a refractive index larger than i. Carbon dioxide laser light can be enclosed cy ;^e 

alternately laminated multi-layef film with a period as long as the wavelength. 
7Q (f the film is composed of one kind of material and scattering factors exist for each period L. the 

equation (57) of Bragg reflection uniquely detemnines the angle 9, However, this merely corresponds to '.he 

point J or point K {X ■ » or Y • #). 

What is meant by the upper and lower branches which are extended between the points J and K and 

which respectively correspond to S « -i? 
39 Although the existence of the two branches could be known by wave optics, intuitive thinking of te 

meaning could assist the understanding of the phenomenon, it is to be thought that Bragg reflection should 

occur if the opbcal path difference between the waves reflected on the one^ehod different surface x a (n • 

DL. X a nL satisfies the equation 



2n^A sin 6^ ♦ 2nbb sin 9^ • i ($7b) 

where a represents the thickness of the film l. b represents the thickness of the film it a. and 9„ represent 
48 respedfveiy the oblique angles thereof, and t represents the wavelength of light 

In Bg. the equation ($7b) merely expresses the coordinates (a. b) on the segment Kj corresponding 
to the following equation. 

^ X ♦ Y - tr ^57c) 

Because different refracthre films I and II exist, the condition of S • -i is satisfied both above and 
betow the segment ICJ. 

What Is meant by the upper and lower branches? Bquation (57b) expresses that reflection on both the 
59 surfaces differing by on period satisfies the Bragg condition. However, the Bragg condition can be satisfied 
by other means using one film 1 or II. That is. the Bragg condition can be satisfied by mono-layer reflection. 
This corresponds to th upper branch of the leaf*tiks figur . 

Furthermore, th Bragg condition may be satisfied by reflection on the boundary at a distance of three 
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avers Sucn as a combirancn :re v.t i. t.9 lilm n and T.e fum i. or 3 ccn^oirancn :f :re * t .. — 
ara ;re 'iim il. T>'is ccrsspcrcs -o '^-q 'Cwer isranch ol ?i^e ear-^-ice ^gure 5f f'q. '3. Sucn a -jr-^c: • 
teffrporariiiy caiiec ihres-sayer -anecncn. 

However -t :s not :ali80 Bragg ranectron icn Kj) occuf:ng on :wo surface ar a distar^ca c^' *: . 
Sucn a refteciion <s cailed twc-iayer refection. This .s Sragg rejection :s -jasy :o -rdersrana :.2S3.:i . 
However, mis s ouned ceiween 'he Ticno-ayer reflection of the curve KWJ ;'wOoer zr^nc^} ana :re :-rr-r- 
5/er .'eflection :f :ne cjrve KUJ ;'ow8r brancni. Accordingly, such a conditfcn roes r^oi scoear ':r 3 s •> 

VJcnc-ayer -eriection and three-ayer 'eflecaon are respectively iiiustraceo :n r=gs. i4a ard 

^ns reason ^hy four-layer reflection tZLi cces not occur s :r:at ine ?cur-!ayer 'enecricn s capcesc 
•:he wave diffenng m pnase dy :>r produced Iccm the second layer. 

In the following, monolayer reflection s explained. Why jsn't it parallel to 'he ^ axis .n r^^e /icnjv :r 
ooint J (X Y s 0)? Why is a curve? It iS thought that all are soived if the -'ciiowng 3ragg crrc.:::.- 
•5"d) holds fern,, a and 



2naa sin 3a ' ^ .^c^^n 
This can be rewntten as follows. 



' " (57e) 



2S Accordingly, this expresses a straight line drawn perpendicularly to the X-axis from the ooint J. 

When the film II has a finite thickness b, the necessary thickness a of the film i is .-educed. The rate of 
reduction is slight but the thickness a is surely reduced. Why is it? 

Heretofore the direction angle 5, of rays has been assumed to be constant. However, tne c;rec:::r 
angle 0 is indefinite if the different film II exists as a perturbation. Even if the sufficiently ^rde .^iir^s i arc 'i 
30 have direction angles tf. and 9^, the direction angle 9 is indefinite when the thickness a and b s smaiier 
than the wavelength. 

Because the films t and il are shorter than the wavelength i, the direction angle ^s :rcerir.:e 
Accordingly, the direction angle 9, should be determined in terms of probabilities. Such rdsfinteness 
always exists m a conjugate physical quantity, 
js When a very thin film II coexists wiih the film I (b is sufficiently smalt). 9, of the equation ^57'^) 
increases. Accordingly, the thickness a to satisfy the Bragg condition iS reduced, this is the cause of :he 
curve of the upper branch in the vicinity of the point J. 

In the following, three-iayer reflection is explained. The operation in the vicinity of the pomt j > 
described* Reflection on the surfaces at a distance of three layers, that is. the films ii. i and :i. s 
40 considered. The surface separation is a ♦ 2b but is almost equal to a if b s sufficient small. 

The Bragg condition is defined as follows. 

2n^^ sin 9a ^ <nbb sin 9b • 4 (57d) 

4S 

This can be rewritten with X and Y. as follows. 



so 



This hae a slope smaller than the slope of a tangent which touches ttie tower branch at the point J. 
In this case. 9. and 9b ve indefinite, because the film II as a perturbation enters the place where oniy 
tne film l exists. Furthermore. 9. increas s and 9^ d screases. Accordingly, the Bragg condition for three- 
ss layer reflection is satisfied at the cun/e JU. 



Design of Film Thickness 
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If (he fratenals ^cr (he multi-ayer film are determined, the refractive ndexes 'i, and n, aro :e(er'^ir3c 
If the !ight source is cetermmed. ine wavelength ( s oetermined. However, -he ^^icknesses a arc ^ ;ar-:: 
be known. Furthermore, sne angies ^4 and ceiween ?iqht and the respecove surfaces zf'se duerra:? 
•aminated Ttulti-ayer film .viceiy vary. \{ -s preferable that :ight containment \% secured 'or any :i:i».2„e 
5 angie. 

Tnough the ught wavelength ( is determined, it is not said that the respective numtsers of vaves < and 
Ti at the .T*ms I and II are determined, it is tiecause 9, and 9^ variable. Aithcugh the wavelength ^f" gr*! 
•n a vacuum is expressed by I, the notation is used to avoid confusion with the eigenvalue ravtng ceen 
expressed by v. 

>Q Let no be the refractive index of the corner (that is. core), t^t 9^ be the oblique angle becveen light and 
the boundary, let n., 9,. a^, be the parameters respectively at the films 1 and 11. From Sneii's a'A. re 
following equation should hold. 



no COS 80 • cos Oa • nb cos 85 



(58) 



The wave number k in the film t (that is, the number of waves m the .^-direction) is expressed as 

follows. 

k • ((2Trna /I )2 . (jnno cos 80 /I )2]l/Z ,53, 
This can be rewritten by using (58) as follows. 

^ • (2Tna A ) sin e, ^gg, 

30 The wave number m in the film 11 is expressed as followe. 

m • (2^nb /I ) sin 85 (61) 

as 

From the definitrons (41) and (42). the following equations should hol^ 

X • 2ffnaa sm 8^/1 ^gj) 
Y • 2tTnbb sin 9^1 • (53, 

The figun expressed for S « -1 in the equations (44) and (45) is a leal-like Hgurt. which is shown in Fig. 
4$ 13. 

The X-axis can be replaced by a and the Y*axis can be replaced by b with $^ and 9b as parameters. 

Variables are changed to thickness a and b. The figure expressed for 3 » is still a leaNiike figures. 
In this case, the position of the point J (X » ^ Y ■ 0) and (he position of point K (X » 0. Y » if ) vary 
ccrresondlng to the angles. That 19. the leaHike figure is transtomted so as to be enlarged or reduced in the 
50 a-axis and the b-axis. 

In the condition of x » the valu0 of a at the point J is expressed from the equation (82) as follows. 



a • V(2na sin 8^) (g4) 

50 

In the condition Of Y « v.th valu of b at point K ie expressed as follows. 
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b « V(2n5 sin Sjj) 



(53) 



'n :r\i% ^Quaticn. ?u .5 reiatea to ^, cy eauancn iS3) irc. acccrsir.giy. t s act an r^cecanaent carar-st^'- 
'^j < -b. a varies vvumn a -ange 'rom O* :o 90' out ^5, vanes wahm range ?rom . :o 90* /: • = 
sents ^^e -ctai ref'.ecrion angie and is seiermireo by *Jie ''c:\cwnq equauon. 



COS « na / nb (66) 

The value of a at t*^e pomt J widely vanes because $i iS from 0 to 90' . but ;.ie -/alue of o at cct*-: < 
:inle varies because is from tf^ to 90* . 
fs When $g s zero, the ieaf-iike figure is enlarged w me right. The pomt J approaches 0 -rom 2 aorcj 
3-axi8 as a, increases from 0. The point K approaches 0 from b along the b-axis. Accoroingly. ::^e eaf- ^ke 
•igure IS reduced. 

The point J takes a minimum value i/2n, for 9, ■ 90* . At this time, the point K takes a mirimi:m /aiL* 
i^an^. ^tt's90* for daSO*. 

20 tow refractive PbFa layers are made of the films 1. High refractive Ge layers are made of 'the ^:>m$ •( 
Let a and b be the thicknesses of PbFj and the thickense of Ge, respectively. The curve expressing :*-e 
values of a'and b for 3 = with the angle 9^ at the PbFz layere as a parameter is shown in Pb. iS. Tre 
axis of the'dbscifsa is a(micrometers). and the axis of ordinates is b(micrometers). 
i , IS selected from 0 ' . 24.2 * . 44.8* . 81* . 75.7 and 90 V 
25 The intersection J of the leafHike figure and ti^e a-axis is found by the equation (64). 

^yvhen the refractive index n« of PbFi is 1.558, the value of a is found as foitows. ( t ' iC3 
micrometers) 

3 a OD 

a« 8.3 micrometers 
a« 4.8 micrometers 



e« 3.9 micrometers 
a« 3.S micrometers 
a* 3t4 micrometers 

These are values of a intersecting the a-axis. The value of $t 'S determined for the same value of as 
4$ foliowe. and the value of b intersecting the b*axie is found as follows. 



'a • 44.8* 

ea • SV 
8a • 75.7* 
Oa • 90* 



so 



55 
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b 


b(miccometers) 




n 

V 


Q / • 3 


1.4 




24 2 








44.8 


74.3 


1.35 


•0 


61 


79.3 


1.32 




75.7 


94.6 


1.30 




90 


90 


1.30 



(t is apparent that tha value of b intersecting the b-axie little varies because the refractive mdex n>, :r Ge 
is sufficiently larger than n,. 

As and 9t decrease, the leaMike figure for S « *i is moved right and enlarged in area, u secause 
the rate of reduction or enlargement is determined by the reoprocals of (64) and (65). 
20 The common portion in the leaf-like figure for the range of $t of from 0 to 90* is shown oy the 
shadowed region i^. This is a region which is larger than the tower branch for d« « 0 and which >$ smaller 
than the upper branch for 9g ^ 90* . This region is an optimum one for the thicknesses a and b. 

It can be expressed that the thickness a of PbFt is not larger than 3.3 mkrrorneters'and that the 
thickness b of Qe is not larger than 1.49 micrometers. However, the expression 'S not exact. This )S 
2S because a 3.3 and b S 1.45 and there is also a portion which Is not incfuded in the region ^. 

It is now considered to more exactly define the region ^. The equation of the leaf-iike figure for 9, ^ 
90* is descnbed in more detail from equations (53), (62) and (43) as follows. 

» 8ln2 (2 ffnaa /I + 2 'nbb/ i - ir) 

■ ( (na - nb) 2 / Srianb) [cos (2 tt n^^/ 2n mb/ 1 - rr ) 

♦ cos (2 tr n^a / I - 2^ nt^b/l)] (67) 

39 

The values, such a n, ■ 1.S5B. na ■ 4.077. t • 10.6 micrometers and the like, are substituted into 
the equation. 

8in2(a/1.083 > b/0.424 - 3.14) 

• 0.1249 (cot (s/1.083 4- b/0.414 - 3.14) 

4 cos (a/1.083 - b/0.414) 1 (68) 

This is a Ultd aquation for 6a " 90*. 



50 In the fottowing. the case of ^» » $9 is considered. From the definitions of equations (62). (63) and (43). 
X approaches 0 and S approaches 

Returning to equation (4S). the following equation should hoU based on equations (41) and (43). 



ss 



tim lY • 1) sin X • ma/2 (69) 
Because 9« approaches 0. the following equation should hold for X » 0. 
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-1 » COS Y - (ma / 2) sin Y ' . 

5 -f-a sefiPiiiicn of aquaticn (33) *i{h respect to Y. -apiacsd by i- -total 'eflecticr argie) 

•nb (sin 3^)b * cot-l(ma / 2) 
•0 cos ((Tnb /t i sin Bc) » 0 

The equation (72) has a definite coot as follows, 
b » ^ / {2n5 sin e^) * 

This expresses ttie upper branch for 9. » 0 in Rg. 4. The lower branch for • Qtz exoressec cy -te 
following equation i7t). 

20 

b/0.8955 ■ cot-1 (a/0,8955) (74, 

9y solving the simultaneous aquations (68) and (74)« the intersection of the tower branch for 9« ^ 0 anc :re 
iS upper tsranch for a, » 90* can be found. 

it 'S important that (he region ^ satisfying S < -i in the whole area of a« of from 0 to 90 ' exists. 

If the respective thicknesses of the flims 1 and II are selected to be a and b within the region, r 3 
deduced that light can be enclosed in the core (corner) against any oblique angle ^7. 



(71) 
(72^ 

(73) 



Calculation of Attenuation 

It 15 apparent that tight at ail angles 9« is attenuated as the light moves right in the region i,. Although c 
has been described that the number of layers n can be arbitrarily selected, a question how many avers 
should be used is still remaining. 

For example, the point (a « 2 micrometers, b = 0.7 micrometers) in the vicinity of the center :f i 5. 
considered as an examole. 

The most difficult light to enclose is at 9« « 90*. in this case, the number n is suitably sstimatec by 
the example. At this time 



X 


m 


2 / 1.083 • 1.847 


(75) 




m 


0.7 / 0.414 • 0.691 


(76) 


I 


m 


1.499S 


(77) 


s 


m 


-1.3995 


(78) 


X 


m 


-0.4203, -2.379 


(79) 



It is apparent from the value ot x • -0.4203 that the amplitude of leaking light is reduced by atDout ^"t> 
as n is increased by one layer. The power of light is in proportion to th square of the amptituce. 
ss Accordingly, it is apparent that the power is attenuated to about 17% even at n « 1. At n » 2. the power $ 
attenuated to about 3 %. 

This is calculated under the most severe condition of « 90* . Becaus u is really smaller than 90 
th actual attenuation is greater. Accordingly, it is to be understood that light can be relatively a^icientiy 
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enclosed 9ven at a » 2 3r 9v9n ac = i !f !S 3 cr 'arger . light can ae almost ccrr^o ewiy snc-csed 



example 

3 

A Sliver fcromrde core optical -icer having an alternately ^ammated Tuiri-'ayef "im as shown n Pg. i 
>vas orepared. The oiameter cf the Ag8f core was 700 micrometers. 

The alternately lammaieo muiti-ayer film .vas orepared as fciicws. Tre core was coated 'I'h a t 
micrometer fJiick PbFj Mm and thereafter further adaitionaily coated wit) a i T^icomerer micK Ge ::-m. 
10 Such procedure was repeated lO times. Tnus, there was prepared an alternately ammateo muitfiayer n:m 
having totally 20 layers and a 20 micrometer thickness. 

Because a » b » t micrometer, light can be enclosed with respect :o ail the oPtiqte angles 

Such an alternately iammated mutti-iayer film having iO periods and a 20 micrometers thickness //as 
further coated with Nylon. 

IS A 700 micrometers AgBr fiber core was directly coated with Nylon to thus prepare a nber as a 
comparative example. 

Carbon dioxide laser light was passed through each of the optical fiber according to the tnventrcr and 
the optical fiber as the comparative example to thereby measure the temperature rise {* C) at the oositton at 
a distance of t cm from the exit end. 
zo The reason why the Nylon coating was used is that Nylon can sulflcientty absorb COt laser tight. :f C02 
laser light teaks out of the fiber. Nylon efficiently absorbs the light so that its temperature nses. 

In the case where this fiber is constituted by merely a core, the fiber can transmit carbon dioxide 'aser 
light of 43 W. With successively changing the transmission power of the carbon dioxide laser to 2W. SW. 
lOW. tSW and 250W. the temperature nse was measured by a thermocouple which was put in contact with 
25 a position being at a distance of t cm from the exit end. The results are shown in Table 1 . 

TABLE X 

Rise of temperature (deo) 



JO 



JS 



45 



so 



CO2 laser trans« Comparative example Example according 
Mission power Direct Nylon coating to this invention 

Multilayers {PbF2/Ge) 

im X 10)-*-Nvlon coating 

2 28* V 

S 69* 6* 

10 142* 13 

IS Occurrence of injury 13* 

at output end 
150 - 178* 



It is apparent from the results that the temperature nse in the fiber having the alternately laminated 
mum-layer film Is very fittle, and is about one-tenth as much as in the fiber having no alternately laminated 
multf^layer film. 

55 In the case where tfie fiber is constituted by merely a core without having any Nylon coaling, the fiber 
can transmit laser light of 45W. However, in the case where th fiber is coated with Nylon, the exit end is 
injured by laser fight of 15W so that the lib r cannot transmit light of 15W. This is because the leaked light 
is converted into heat by the Nylon. 
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Tr.3 *2Ct :hat the remcerature r se -s .ttie n :*^e sxampie acccrcmg :o :re cesenr '"•/er-cr - t*:*-* 
semig coated with Myion lavng gcoa absorcency T.eans -^at :r3 eakeo ighi .ir.!e exisrs si :■ 
;h8 mufti'iayer film 

F-^fthermore. :n (his exarripio. r.igh-power CO2 -aser :«ght of 15CW cc-id C8 trarsmittea 
5 !n a variation o* :he prec5G:rg amfeocimer.t sncwn ;n rig. '..-^e core 1 ::ataa -vich 3 a.-?r i :* t- j 
•iLcrce PbF2. ana rhe PbFj ayer 2 is further crated wth arctner ayer 3 AgSr iZf AgCJ r-ese ::s: 
ayers are 'crmeo througn vacuum avaooraticn. sputtenng, or the Jke. =t s ccssifcie :o sr^ice**' './ j'*c:>e 
Tfrareo rays vjthm ?he cpiicai H'oer core Oy means of !he PDF) and AgBr aysrs 2 aro 3 ic\rr; is 5 
:!aadirg. 

'0 rig. 17 3hc-*v5 another example of *>e ootical fiber in which :he numoer jr 'ecet-ticns :i r* iziurz 
ayers of PbFj and AgBr (or AgCl) is increased. 

Sucfi a film that is foraged by repeated coatings of r/vo Kinds of materials as cesc'ted aoeve 5 'eref-?-: 
to as an alternating muiti-iayer film, which is often aobreviateo to PbF: Ag8r. 

!n mis example, -.he fiber core is made of AgBr ano has a diameter of 700 lucrometers. ''^'ee ^vs: - 
/5 layer film pairs aach constituted by PbFj ana AgBr layers, mat is. six tnm :iims, cover a region 5 
from each of the incident and exit ends. The thicknesses of me film of PbFj and ;he fiim :i a^s- are ^ 
micrometers and 2.8 micrometers respectively. That is. the total mickness of tne muiti-ayer *i'ms 5:93 
micrometers. 

As in the previous embodiment, the muiti*iayer cladding may be restricted 10 the two ends, ss shewn " 
20 Fig. 18. 

The film I is a PbFj layer having a low refractive index (n^ 3 1.553), the thickness of 'vnicn s 
represented by a. The film il is an AgBr layer having a high refractive index (n^ > 2.2). the micxness :f 
^hich is represented by t). 

rig. 18 shows curves showing the values a and b which satisfy S > -i. with tiie oblique angle « n r-^ 
25 PbFa layer as a parameter, (n the drawing, the*abscissa and the ordinate show the thickness a (mirometers) 
of the PbF2 layer and the thickness b (micrometers) of the AgBr layer respectively. 

As the oblique angle 9,. values such as 0* . 24.2* . 44.8* . 6t * , 75.7* and 90 * were selected. 

Respective points of intersection J between leaf*shaped figures and the a-axis are obtained cn re cas^s 
of tiie expression (84). 

JO With respect to me PbF? film, assuming mat me refractive index n, s 1.558 anc i » '0 6 
micrometers, me relation between me oblique angle and me mickness a of the PbFi film mtersecurg -.^e a- 
axis is as follows: 



35 




m 


0* 


a 


« 


C9 








m 


24. 


a 


m 


8.3 


miccom«t«rs 




9a 


m 


44. 8* 


a 




4.8 


mictomtt.rs 


40 


ea 


m 


€!• 


a 


• 


3.9 


micrometers 




ea 


m 


75,7» 


a 


9 


3.S 


micrometers 


48 


ea 


m 


90* 


a 


a 


3.4 


micrometers 



The values of me angle are determined as follows corresponding to me same values of the angle ana 
me respective values of me mickness 0 intersecting me b-axis are obtianed as follows corresponding to tq 
determined values of tiie angle ^ 



5S 
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b{micrometers) 

0 44.9 3.41 

' 24.2 49.8 3.12 

44.8 S9.8 2.79 

'0 61 70.0 2. 56 

75.7 79.7 2,45 

90 90 2.41 

The reason why the \^ariatlon in value of the ihicknesa b intersecting the b-axis i$ small ;$ ir.at r.B 
refractive indax of AgBr is larger than that of PbFj. 

(n Rg. 19. therefore, the b-axis is elongated to be twice as large as the a*axis. 

All the figures satisfying S ^ .i with the angle as a parameter are varitions of m ie3f«5haoed rigufa 3f 
20 Rg. 13. The sizes along the ordinate and the abscissa are nothing but enlarged or reduced in accorcance 
with i/n^ sin 9^ and V% sin 9^ 

In the hatched region it Is possible to enclose all the l{ght having the oblique angle 9« within a range 
of from 0 to 24,2* . 

Although the angle 6 of 24.2* seems small, this value is not so small. This is the value of the cbiique 
25 angle in PbF]. If a core is made of AgBr. the oblique, angle in the core is 50 \ and therefore the angle cf 
24.2* is considerably large* 

Since it is presumed that there essentially exists only a fe«v tight rays having such a 'arge :i:iiaue 
angle, almost all the light transmitted through the core may be considered to have an oblique angle cemg 
not larger than 24.2 V Accordingly, it is possible to enclose substantially all the light if the vaiues of tq 
30 thicknesses a and b are selected within the region ^, 

Aithough*the region ^ is defined so as to be a « 0.3 • 7.8 micrometers and b » 0.6 • 3.1 micrometers, 
this definition is not con-ect because the region ^ Is not rectangular. 

An expression coresponding to e« " 24.2* is as follows: 

coi2(a/s.28 + b/l.983)2 . i.04 sin (a/2.64) sin {b/0.99l) 

... (67) 

JO 

An accurate expression of the lower branch of 0 « 0 is as follows: 



a/2.172 • cot (b/2.l72) (68) 

4S 

An accurate shape of ilte region i can be obtained on the basis of the expressions (67) and (68). 
A doubly hatched region A is more preferable, (n this regioa it is possible to enclose light having the 
oblique angiee, within a range of from 0 to 44.8* . 

so 



(1) Example of Calculation 

In the region ^. all the light having an oblique angle 9. within a range of from 0 to 24.2* is attenuated 
S9 as it is transmitted toward th right 

In the foregoing calculation, only the boundary S " -i is obtained, but no consideration has been onade 
into the inherent valu . Therefore, consideration will be made here to th numb r n of the films whtcn 
sufflcea for the requirement For example, a poim is taken which is defined by a » 3 micrometers and b « 
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20 



2 nic'cr-eters n trs v:cini!y n center :f m fegicn ■* >$ taken 

T>e "ignt ravirg the argie i, of 24 2* $ the most Ciffici,.t » ie 9f»c;oseo aircrq :-e <;.-t -a. - ; 
angle .vithm the range ''■3(r> 3 *o 24 2* r^efatore. xnsiceration vii se race -er? n -. - •- 
-aving Te angie zi 24.2' Aithcogh *e .gr.t -avirg :f9 :o!icue angie "i a .•2n;a cr 'r-zm : •.■) jct.- ; 
:3n 38 srciosed. calculation $ -"-atis here as ra ;ne ight -avirg :r^e argje ;f 24 2 ' 



IS Accordingly, 



X • 3 / 2.64 « 1.136 
y » 2 / 0.992 
Y « 1.595 



S « -1.425 

^ » -0.410; -2.44 



(59) 
(70) 



(73) 



From the value \ « •0.41. it can be found that the electric field amplitude «s reduced to 3'oout 40^« 33 
the number n of the Ktms is increased by one. Power is reduced to about 16% 23 che ''umcer $ 
2S :ncrea5ed by one because the power is proporttonal to the square of the amplitude. When n 3 2. me pcTv9' 
is reduced to about 3%. 

From this result. >t iS found that tight can be efficiently enclosed even when n s 1 . and sucstama: . 
perfectly enclosed when n 2 3. 



Example 



Such an optical fiber as shown in Fig. id was formed. A fiber core made of a silver bromide crystal arc 
^'.aving a alameter of 700 micrometers is coated over a length of 5 cm from the exit end wth six aye-'s n 
35 total consisang of three thin films of PbFa each 4 micrometers thick and three thin films of Ag8r eacn 2 5 
micrometers thick. The layers of PbFj and the layers of AgBr are alternately and repeatedly formeo *:r 
three cycles. 

In order to confirm that this structure is effective in enclosing light, light leaking at the exit end cort^cn 
coated with the multi-layer film was detected by an infrared*ray detector. Leakage light in the case >vner3 
40 coating was performed was reduced to about S0% in comparison with the case where no coating vas 
performed. 

The previous embodiments include an infrared*ray optical fiber having a core formed of silver bromice 
(n a 2.2) and a cladding formed of silver chloride silver chloride (n a 1 98). However, the .nfrarea -qn 
containment can ba improved. 

4$ Because the infrared-ray optical fiber is generally used for transmitting light power, seating of m 
optical fiber is one important problem. Paticluarly, remarkatsie heating occurs 00th at the -ncider^t ere 'cr 
transmitting fight form the laser to the optical fiber and at the exit terminal for transmitting light out of 
optical fiber. At the intermediate portion of the optical fiber, heating is relatively insignificant. However >f 
optical fiber is fixed, the core is distorted by the pressure of the fixing member so that heaDng occurs owirg 

50 to the increase of absorptksn. 

As described above, the absorption of the optical fiber increases at the incident and exit enos ano re 
fixing portion so that significant heating occurs. The optical fiber is easily injured owing to the neating. 
Accordingly, light transmission power is limited so that the optical fiber is prevented from bemg iniureo. :^ 
the light absorption of the optical fiber can be reduced, the optical fiber can transmit stronger power. 

55 

Aiternat ly Laminated Multilayer Cladding 
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!n the previously described core ard ciad strucrjre. -ignt s 3rc:csed m re cere cy .se :r rs 
•nternal reflection of iighi at :he oouraar/ cel'ween -he cere and '.ne ciaocing. The '.c?a» .'e*!ac::cn ar^j-.e ; -.t 
:he core Ooundan/ is determined by scuation: 

^ 8c • n2 / ni (74) 

.vnsre ni 'S ihe refractive index of the core, and n? is the 'efractive ^ndex of :he cacctng. 

Such ligiit containment as described above is difficult -n the mfrared-ray octical ?iber. Cecause majer-ais 
!Q of nearly equal refractive maex cannot be easily ootained. The inventors have chougint of raans 'or gr: 
containment on the basis of a principle quite different from the atove-oescribed light rortamrreni cased :n 
total internal reflection. 

The light containment can be attained by alternately and successively laminating a nign t'3frac::v^ 
material II and a tow refractive matenat l on the outer circumference of the core. The refractive -rcex :f 
15 the core is not limited by the refractive indes ni of the low refractive index material or me rafractive :rce< 
n2 of the high refractive index material. Of course, na ni. However, the relation among those re^raCvva 
indexes may be no S ni < n?, ni < no S nj, or ni < nj S no. 

When the thickness of the film of the high refractive ^ndex material II is 'epresented by b ard :^e 
thickness of the film of the low refractive index material I is represented by a, the repetition per:cd 
20 represented by L is expressed by the equation L « a > b. 

Let k and m be the wave number of waves perpendicular to the films i and It respectively. Let and 
be the angles between the light rays and the films t and il 



no COS eo ■ ni cos 9, • n2 cos 9^ (75) 
The wave number k at the film I is expressed by the following equation. 



3S 



4S 



SS 



Ic • (2 )ni sin ,75, 
The wave number m at the film il is expressed by the following equation. 

m • (2V A ) n2 Sin (77) 
Y« (iB/k*lc / in)/2 (78) 

8y equttton {% the deftniUon of y is given. 
This it a value larger than t. 

Let ka and mO be replaced temporarily by X and Y. 

ka • X (79) 
mb • Y (80) 

Then when S defined by the following equation (81) is smaller than •I. light traveling from the core to the 
films I and II is returned to the core by Bragg reflection. 

S - COS X COS y • Y sin X sin Y (81) 
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"-e cofTciPation of thicknesses la. oi :o cause Bragg refiecwn ras ^, :>/c-cirrensiora:iy i^'.i^Ziz •a-;^ 
with respect tc me respective angie i^. U :he values of :he respective ncxr esses a iri z ar» - r: 
so trat 3ragg -efiection aiways occurs at any /aite cf :r.e angle i,. .tgnt :an ce srcxsea •-^"" -^ 

7he name of "auef^atey amiratea fr*uiij-iayer fiim* ?s gjven by :re fact t?*at re 'ir"5 r.: *•? 
5 iJternateiy repeaieoiy .anrtmated :n re core. The alternately 'ammatea nLiii-ayer -. ^n crc:- res .--j 
:3niairmenr owing to Sragg reflection, which is quite airfferent from the aoove«5ascr:cec .grr :c'-:a!r'-err 
:wing :o :otai reflection (equation (74)). 

"cv/ever. :re condition of S S •! js consicerabiy severe, ano the -ance of cisresses a. c> ■: 
:3u3e Bragg reflection becomes rarrow if i \s rot sufficiently largef than ! . AccorCirgiy. t s orere'ac e -^a! 
'0 a very hign rafractive index material is used for the film ii. 

rrom this view, an mfrared-ray opocal fiber having an alternately "ammated nuiti-iayer rao .ss^-; Pzf: 
ind Ge m combination has been prepared, in this case, the refractive naex of PtF> s i 553. arc re 
•efractive -ndex of Ge is 4.07. Accordingly, the range of -Jiicknesses cacaoie if prcoucirg B'^gg 'V 'ic zn 
.$ ^ide. *r.e range of the thicknesses capable of raising dragg reflec^:cn is astaoiisnea at an he irr.e3 -J ^ 
f5 of from 0 to 90 degrees. 

Pyrthermore. an alternately 'aminated muiti-iayer cladding or ?bfi and AgBr nas cen :r5car90 "-e 
refractive index of PbFj is i 558, and the refractive intfex of AgBr is 2.2. Accordingly, te 'a.rge :f 
combination of . thicknesses capable of causing Bragg rejection at all the angles of 9» :ses not exist. :re 
angle 9| is smaller than 30 degrees, the range of the thicknesses capable of raising Sragg reflection exists 
20 Furthermore, an alternately laminated multi*layer cladding of PbFt and AgCl can be considered. However, 
because the refractive index of AgCl is t .98. Bragg reflection cannot be produced if 3| s rot 'eiatweiy ow 

Let n be the number of repeated layers in the alternately laminated multi-iayer film. The effect :^ 
containment is more improved as the repetition number becomes larger. However, manufacturing such a 
multi*iayer film is difficult and expensive. As the repetition number n oecomes iarger. .manufactunng cost 
25 increases. 

The inventors have invented an infrared*ray-optlcaJ fiber having a core surrounded by an alternately 
'aminated muiti-iayer clad of such as PbFi/Fe, PbFz/AgSr or the like. 

In the case wnere Uie whole surface of the optical fiber is coated with the alternately 'ammated '^l u- 
layer film, a problem exists in the economy of its manufacture because of the enormous cost required 'cr 
forming the coating. A further defect is that it is difficult to maintain the thickness of the film :cnstant rver 
the whole of the optical fiber. 

In the case where the multi*(ayer film is provided only at each of the incident and exit ercs :f ^'^e 
optical fiber, cost is relatively little. Because the incident and exit terminals, which are easily -^eated cwmg 
to absorption, are coated, stable infrared light transmission can be made and heating of the fixing pcrtior^ 
js can be reduced. 

However, the intermediate portion of the fiber is not coaled with the alternately iaminated muiti* aver 
film, so that light absorbing matter, such as water, dust, the internal wall of a fiber protection tube, zr the 
like, often comes in direct contact with the core. As a result laser light is greatly absoroed at the contact 
point to thereby heat the fiber and injure it 
JO Generally, the intensity of light leaking out of the optical fiber is large at its incident and exit end. 
Accordingly, the principle that the alternately laminated multi-layer film is provided at both r.e ends of :he 
fiber is reasonable. 

However, it is not reasonable that the intermediate portion does not need coating. As descnbed above, 
the effM of tt« sir cladding may disappear owing to the deposition of light absorbing matter on the cere. 
4S Furthermore, it the infrared^ray optical fiber is repeatedly bent the leakage of light at the .mermeo»ate 
portion increases. 

Fig. 20 is a graph showing the result of measurement of the intensity of light leaking from a side of :re 
core in the case where the optical fiber core transmits carbon dioxide (COi) laser light the riber used m 
Rg. 20 has no cladding but has a cora. 
50 The axis of the abscissa shows the lengthwise position of the optical fiber from the incident end to tt^e 
exit terminal. The axis of the ordinate shows the intensity of leakage light at the lengthwise position. The 
intensity is measured by an infrared detector applied to a side of the fiber core. 

The solid line showe an ''initial state", which means the state of the optical fiber that has not yet been 
bent Leakage light at th int miedlate portion is v ry littl . It is apparent that the leakage of light occurs 
59 mostly at the incident or exit nd. 

The broken lin shows th intensity of leakage light v«th respect to the sam infrared-ray optical ?iber 
after it is repeatedly bent in practical use. the infrared light fiber may be rep atediy bent. The bending 
produces a defect in the core to thereby increase dispersion and increas leaking light Particularly, -eakage 
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'jght at the intsfmeciate portion .s ncreased- However, 'eaxago .'ghi at :he '?^;3f.Tectaie ccftor* s ' 
Significantly less than that at ths incident or exit end ccrtion. 

Neither rjie method o' ccaiirg the *hoie surface of the :ptical fiber -vnh me alternately amirateo • • 
'aysr Him rcr :h.e method oi coating only the ooccsite ends of :rie cpncai fiber viin :he aiierrateiy am-ratrr 

3 muiti-iayer film can produce the profile of -eakage 'ightof Fig. 20. 

The optical fiber accoroing to :hi$ asoect of the present invention .$ characterized n that zct. re 
.rternreciaie portion and each of the jncident and exit, and portions are coated wirn an alternately 'amiratjd 
muin-'ayer fiim. The ootical 'Iber *is further characteued n that the 'eceiition number n at eacn :r re 
:r.cident and exit end portions is 'arger than the repetition 'rumber 'y\ at tne r'.termedrate ccrtion r-^ 

'0 "repetition number" means "cycte'V The thickness of Sim at each of thelnadeni and exit end pemons -s ^ 
and the thickness of film at the intermedtate portion is ml. That is. the nubmer of ayers of both r/ces 3f 
films at each of the indicenc or exit end portion is 2n. and the number of 'ayers at :r.e ntermeciate pccort s 
2m. 

The present invention is further characterized in that the following relation is satisfied. 

rs 

n > m > 0 (82) 

For example, at first the whole surface of the fiber core is coated with one cycle of alternating fiirs. 
20 Thereafter, the terminal portion is additionally ^ .ated with two cycles of alternating films. As a result, a f*ber 
constituted by opposite terminal portions each having a three^cte (n « 3) muiti*'.ayer cladding and >n 
intermediate portion having a one cycle (m a i) multi-layer clad, can be realized. 

Fig. 2t is a sectional view showing the structure of the infrared^ray optical fiber according to the present 
invention. To prevent the leakage of light at the intermedita portian. an m-cycie alternating mutti-iayer film is 
a provided at the intermediate portion. To prevent to a greater extent the leakage of light at each of the 
incident and exit end portions, an n<ycle alternating multi-layer film (n is larger than m) is provided at ^ach 
of the incident and exit end portions. 

The case where the alternately laminated multl^layer film is uniformly provided at the whole surface :f 
the fiber can be expressed by n » m. The case where the alternately laminated multi-layer film is provided 
30 only at each of the incident and exit end portions can be expressed by n > 0 and m > 0. The ''aiternateiy 
:aminated multi-layer film" means a combination of thin films, such as PbFi / Ge, PbFj / Ag8r. or the -ike. 
In the case of PbF] / Qe. the thickness of each film is preferably about i micrometer to 2 mcrometers. n 
the case of PbFa /Ag6r. the thickness of each film is preferably of the order of micrometers. 

The diameter of the core can be suitably selected in accordance with the poer of carbon dioxide iaser ' 
3$ light to be transmitted. For example, a core having a diameter of about SOO micrometers to lOCO 
micrometers can be used. 

Evaporation, sputtenng. etc.. can be employed as the method of coating the surface of the optical nber 
with clad matreial. such aa PbFi. Oe, AgSr and the like. 

Example 

A silver bromide crystal optical fiber core with a diameter of SOO micrometer was used as a core, r^e 
length of the fiber core wai tOO cm. The whole surface of the core was coated with an alternately laminated 
4$ film ol PbFi and AgBr for one cycle (two layers). That is. m was I. Each of lO cm long portions from the 
incident and exit ends was additionally coated with a four-cycle Him. That is. each end portion was coated 
with a f!ve<ycle alternately laminated multi-layer Him (totalty. 10 layers). 

Fig. 22 is a graph showing the result of measurement of the amount of light leaking over the whoi 
length of the infrared light fiber. The axis of the abscissa shows the position of the nber measured from th 
50 incident end. The axis of the ordinate shows the amount of leakage light meausred by a*n infrared detector 
applied to a side of tha fiber. 

The solid fine B shows the result for the above-described optical fiber. The structure of the optical fiber 
is illustrated at the upper portion of the graph, it is apparent form the solid line 8 that the amount of leaking 
light Is very llttia even at the end portion. This is an excellent fiber. Of course, leakage at the intermediate 
ss poftion is also little, it is because the one<ycte alternating film is provided at th intermediate portion. 

Furthermore, it is apparent that leakage light is almost unifonn over m whole length. Although the 
amount of leakage light at the incident or exit end portion is generaUy large, th leakage light can be aimost 
completely prevented by th specific five<ycle alternating Rim covering the end portions. 
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>9 brcksn I'reC srcws •''a t.^resrcic evei of '-ght oiu'y :v/jng :ne :or.'2c: csween 3 irscc-?- 
iro ->.e 'iber The thrasroio svei s Sucn that, f a jgrt acscrcer zeroes r. ;:r:3C( .virp -a • 
rescect :o /vnich eakirg ight at ron-c3ntact s ar evei C. -.gr.t :s aoso»'cec 6y "e ics:-cfr • 
■.rereby r^eat the fiber to brean :t. 
3 £ven f eakage 'got s over -.he 'evei C. :ne '-oer '^oi tcuc^trg irv «gnt acscfcer s "Ci ;. 
.-eating, riov.ever. f :hsre !s i^e pos5icuity of touching a ight acsorcer a '-'ber 'cr .vnrch 'eakage sgr- i% 
afcove the -evei C :annoi ce used for the power of the ;ignt. 

.Next, rhe :ctrcai fiber according to the present invention was reoeaieoly cert cy tracing 3 ar i': 
-^avtng a 'aoits of 10 cm »cr lO.OOO times cycles, in cractical use, ihe f«ber .T.ay be 'Sceateciv ce*: 
•0 jeiermining the influence, the fiber was repeatedly oent. 

The result of measurement of the amount of leakage light •$ shown by *he croken me 3* 

The amount of the leakage 'ight at the intermediate portion is increased, Hiis eaK2ge cccurs cecause 
scattering centers are produced in the cere by the bending. Hoever, the leanage =s oeiow :he (hresrc c -jve^ 
C of light -.niury. 

in snort, the optical fiber according to the present invention is kept at a safe levei even .f •! s -ece-iec:/ 
bent in practical use. 

As a comparative axample, a fiber having only a core not coated with any alternately iamiratsc 
'ayer film was measured in the same manner. That is. a lOO cm long silver naiide (AgBr) crystal f>ber .vitr a 
diameter of SCO micrometers was measured. 

20 The result is shown by a two-dotted chain line A of Fg. 22* At the intermediate portion, the ;raph A s 
under the level C but over the graph 8. tn short, the leakage at the intermediate portion is larger than tnat zi 
the optical fiber of the invention. The leakage at each of the incident and exit end portions is far arger than 
the level C. Particularly, the leakage at the incident end is remarkaOie. 

The fiber having only a core was repeatedly bent by tracing of the fiber over a circular arc "saving a 

29 radius of 10 cm at 10.000 times. The result of measurement of the amount of leaking light after the berdmg 
is Shown by the one*dotted chain line A'. Leakage at the intermedrte portion is .ncreased. Even at the 
intermedite portion, the leakage is over the level C. Accordingly it is apparent that use of the 'iber rav<pg 
only a core is risky, it is because leakage light is increased by bending to thereby easily induce neat 'r/vr y 
of the optical fiber. 

JO Infrared optical fibers of the type incorporating a metai layer provided on the outer surface of an :9iicai 

fiber core are commonly known. However, infrared optical fibers having a cladding stnjcture for a ;enerai 

purpose have been not proposed yet 

One pan of this application describes an infrared optical fiber navmg a novel cladding structure :cr :re 

purpose of canrying CO) laser light 
as The fiber has an alternately laminated mulb-iayer film which is formed of two kinds of .Taier-ais or 

different refractive index and which is provided as a cladding on the outer surface of an infrared-ray cpticai 

fiber core. 

The cladding material should well transmit infrared tight. For example, an alternately laminated muitt* 
layer film of PbFj/AgSr or an alternately laminated multi-layer film of PbFj/Ge is provided on the outer 
40 surface of the optical fiber core. 

Because the cladding consisting of the alternately laminated multi-layer film reflects infrared light at the 
boundary between adjacent layers of different refractive index, the cladding has such a function chat 'ight 
. directed outward from the core is reflected to be returned to the core. 

As the layers within the multi-layer film are increased in number, the probability of occurrence cf 

49 reflection increases. Accordingly, infrared light can be efficiently enclosed within the fiber core. 

The principle of the alternately laminated multi-layer clad is remarkably different from that of the iing'e 
cladding layer in the silica glass fiber or the like. 

With respect to step-index-type silica glass fiber, an important problem exists in the difference to 
refractive index between the core and the clad, in many casee. the difference in refractive .ndex between 

50 the core and the cladding is established to a very small value. This is because the silica glass fiber is 
mainly used for transmitting signals without distortion. Accordingly, the refractive index of the cladding :s 
limited by the refractive index of the core, Thus, the clad material is determined depending on the core. 

With respect to a infrared optical fiber, it is not necessray that the difference in refractive index oeiween 
th ) core and the cladding shouhS be established to a small value, because th infrared optical fioer s not 
ss used for transmitting signals but is used for transmitting light power. 

The alternately laminated multi-layer clad proposed by the inventors has a problem in the difference n 
refracliv index b tween two kinds of mat rials forming a cladding. This is because reflection at ^re 
boundary b tw en adjacent layers within the multi-layer cladding is more important than the reflection at ;f e 
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cdundar/ cetween :he core 3pa re ::cd. 

ror :hjs reason, T.Q raienais cf '^a ::aading can ce suitably selected ^nhcoi inn,itat5cn i-vrr -a 
refractive index of tne core, crat s. vit/^ctt mitacion owing :o :ne .naienal of me cere. 

The alternately •ammaiea •'"utti-ayer film can etfectiveiy enclose »nfrarea ligm independently cf "e <:rz 
3 of the core. 

Many kinds of materials can be usea .'or the core of the :nrrared octical 'iber and have rescsc:-'?'-/ 
advantages and iisaavantages. Tne ;nfrared optical fiber ^zs an advantage -.n :hai xe '^aterais v 
ciaddirg is ;n cnncipie net limited by the refractive index of the core. 

The alternately laminated multi-layer cladding type of optical fiber «s very useful oamcuiariy :n re zase 
io -.vher© high power COj laser light energy is transmitted, in the mfrared opocai fiber having :he ajter'^ateiy 
laminated muttMayer clad, mfrared 'ight leaks out of the side surface of the fiber to only a -niror ^.xterc. 
Even if light absorbers, such as dust water and the like, are deposited on the outer surface tre -icer. 
'ight is not absorbed by the deposited absorbers. Accordingly, [he advantage <$ that accidents sucn i$ 
heating of the fiber owing to light absorption and injunng ot the fiber do not happen. For th>s -eason :he 
js infrared optical fiber having the alternately laminated multi-layer claoding has a transmission criaractenstic 
that is not influenced by the environment. That <s. such an optical fiber can be readied which ras a $;acie 
transmission characteristic. 

Generally, the optical fiber should be fixed by certain means in order to adjust the input or outout ?nd 
thereof to a converging optical system, such as a lens, a mirror or the like. -Mhich controls the incidence of 
20 light to and the exit of light from the fiber. 

However, the fiber is locally heated owing to the contact between the fixing member and the Nber. This 
may cause an accident that injuries the laser at a fixing portion. The reason is that the fiber is distorted by 
the fixing member pressing the fiber to thereby increase the leakage of light TTie alternately ^amirat^d 
multi-layer clad could suppress' the leakage of light at the fixing end and could effectively prevent the 
35 heating of the optical fiber at the fixing end. 

As described above, the infrared«ray optical fiber having an alternately laminated multi-layer ciaaairg 
*Mhich has been invented by the inventors of this application shows an excellent effect. However, the 
materials used as the multilayer clad have been crystalline material, such as PbF}, Ge. AgBr, AgCi. ard 
the like. This type of materials are easily injured by friction. As a result the infrared-tight containment effect 
30 of the multi-layer film has been often reduced by the injuring of the material. 

Further, the multl«iayer film cladding is arranged to reflect outward traveling light at a boundary between 
adjacent layers and attenuate the outward traveling light in the muiti«(ayer film. Therefore, it ^s imposstbte :o 
completely contain the li** ht 

Fig. 30 is a graph stowing a radial distribution of light intensity inside the optical fiber. As shown m r.e 
35 drawing, the light intensity is high at the center of the optical fiber, and is attenuated in the muUi-«ayer film 
cladding. However, the light intensity is not reduced to zero even at a position outside the outermost .'ayer 
of the multi^iayer film cladding. That is. the ti^ht power is not reduced to sero even at the circumference of 
the optical fiber Although the amount of light power leaking out of the circumference of the optical fiber is 
slight relative to the total light power, tiie amount inevitably becomes large as Oie absolute amount of light 
40 power propagated through the optical fiber increases. Therefore, in such a structure in which only the 
alternately laminated multi-layer film is provided on the circumHerence of the optical fiber, there is a limit to 
the transmitted light power. When the light power to ttie transmitted exceeds this Hmit the light power 
leaking to the circumference of the optical fiber increases, so that the optical fiber may generate intense 
heat to thereby damage the laser if it contacts a light absorber or a terminal fixing member. 
48 In one embodiment as shown in Rgs, 23 and 24. the outer surface of an optical fiber core i is coated 
with a multi-layer cladding t The multi-layer cladding 2 may cover the whole surface of th optical fiber 
core t or may partially cover ttte input or output end thereof. The outer swface ot the multl-iayer cladding 2 
is further coated with a resin layer 4. 

Material used for the optical fiber core 1 can be suitably selected, gxampies of fibers capable of 
so tranmitting CO) laser light are as follows. 

(1) Alkali Halkfe Crystals 

Crystals of CsBr. Csl. KI. KBr. NaO. CsCi:*a. NaF. UF and Nal, and mixed crystals thereof. 

(2) Silver Halkle Crystals 

Crystals of AgBr. AgCI and Agl. and mixed crystals thereof. 
55 (3) Thallium Haikle Crystals 

Crystals of TlBr. TlCl and Til, and mixed crystale thereof. 

(4) Crystals of ZnSe and ZnS. and mixed crystals ttiereof. 

(5) Chatcogenid Glasses 
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' As-S 

T'te present .nvention is aooncabie to any cora rp.aienal. 

r-9 fndti'"aver ciaoding 2 •$ almost transparant \r.ir^(Bc ugnr and 'S rc/nned oy ait9rnaje<v rra:"; :* 

•v/o kirds of materials having aifferent refractive "Ccex 
5 The 'nventors have perfected a inuiti-'ayer :{adding of alternate wr*ate$ cr ^bFa and AgSr -c-: i \ 

:w -afractive ndex material and AgBr is a high rafracrve .'material. The n-zentors nave aireacy ♦ 

carfecrea a P^Fa Ge alternately lammated multi-iayer ciaddirg. 

'r^ present invention -s characterized in that a '9Sin ayer 3 is further oroviced on sucr ir 3:»ef^a:$'; 

am.naied 'nuiii-iayer cladding. 
'J The resin layer 4 is provided to protect the muiu-iayer ciadcirg 2 to tnereoy crevent ts rigry ; 

Tuiti-layer ciaoding 2 is injured, the injured portton ts ;ntenseiy seated owtng to ine ^eaxage :f 

ir-eraoy jniure the fiber's body. 

The resin (ayer 4 i$ almost transparent to infrared itght and preferably emcioys a fratenai -^ct ar-^er - 

.-efractive :ndex than the tow refractive index matenat of me multilayer cladding 2. tf the resm 'ayer s 
'5 -ransparent for infrared 'ight. the resin 'ayer possibly absorlps 'nfrared fight :o thereby "^auca -rsrse 

heating, if the refractive index of the resin layer is higher than that of the !ow refractive mdex .T^aterai ra 

■nfrared-iight containment effect of the cladding 2 is reduce. Potyethyiene is a matenal /vnicn >s 'rarscar?':; 

:n the infrared region and has a refractive index of i .46. 

In the multi-layer claddings of either PbFi/AgBr or PbFj/Ge prepared by the inventors, re c-v 
20 'Efractive material in each of the claddings 2 is PbFj. The refractive index of the low refractive matenai 3 

t SS for infrared light. Even if PbFi is replaced by polyethylene to form a multi*iayer c^ad. the ctadding ran 

have the same effect as the PbFzAgSr cladding with respect to the tight containment effect because 

refractive index of polyethylene is smaller than that of PbFj. 

However, polyethylene has a very large Hght absorption coefficient of 200 cm*' for the CO? 'aser 
29 vvaveiangth i0-6 miaometers. Even if a thin polyethylene film is used, the absorption is considerable, if itl 

the low refractive layers of the multi-iayer cladding are replaced by polyethylene layers, absorption owing t? 

the polyethylene possibly occurs in the case of large transmission power to thereby injure the ''Cer 

Accordingly, polyethylene cannot be used as the low refractive matenal within the alternately amtrated 

multi*iayer ciad. 

)0 in the present invention, a resin layer of polyethylene or the like is provided on the outer surface or t^^e 
multi-layer dad. At the outside portion of the muiti-iayer dad. light power is sufficiently attenuated by vr^ 
light containment effect of the muitf-layer clad. Accordingly, there is no danger of light iniury cccurrrg 
owing to light absorption by the polyethylene layer. Furthermore, one of important features is that the igrt 
containment effect of the mulH-iayer cladding is not spoiled because polyethylene is provided as a cw 
js refractive material on the outside of teh multi-layer cladding. 

A resin layer 4 is provided at the outermost of an Infrared light fiber having an alternately Jammateo 
multi-layer cladding 2. The resin layer can protect and prevent the iniury of the multi-layer cladding 2 
Accordingly, the fiber has a mechanically stable muiti-iayer cladding structure. 

Because the muUMayer clad is not easily injured, the light containment effect thereof is not spouaa. 
40 TH« possibility of occurrence of the laser injury of the fiber can be descreased. 

Secause the refractive index of the resin is not larger than that of the low refractive matenal withtr. the 
muititiayer cM. the light containment effect of the muitl-iayer clad is not spoiled by the addition of the rasm 
layer. 

The optical fiber according to the present invention can be used as an optical fiber for transmmmg 
4S carbon dioxide laser light for various purposes, such as a light transmission line for laser medicne and a 
light transmission line for laser machining. 

In Rgs, 25 • 29. the optlcai fiber according to another embodiment of the present invention is arrargea 
such that a metal layer having a high reflection factor is provided on an outer circumferenc of an 
alternately laminated muitHayer film clad. 
50 The metal having a high reflection factor may include, for example, gold, silver, aluminum, and me ike 
The mickness of the metal layer may be selected to be of the same order as or less ftan the wavelength of 
infrared light that is. suitably selected to a value within a range of from 0.1 micrometer to 10 micrometers. 

The wavelength of light to be transmitted through the optical fiber according to the present inver.tlcn s 
assumed to be 10.8 micrometers which is the wavelength of a C0« laser beam, or a value in the vicmir/ of 
so this wav 1 f>gth. In such a region of wavelength, the foregoing metal matehals car) easily realize a 
reflectivity not smaller than 95%. 

Fig. 25 and 29 are a cross secton and a longitudinal side view in section, showing the optical •'•ber 
according to th present invention. In th drawings, an optical fiber core 1 having a large diameter .» 
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crovidec at ihe tarter ot T-e cpticai 'cer. A mm aiternaieiy amiraied muiti-aysr \:m :.ac! 2 s z'r- zac 
aro'jnd tre :ptical fiber core A :nin retai .'ayer 4 -s provided 5n me cutermosi r.TC-jmferancs :f -rs 
aitsrrateiy Jamiratea frulti-ayer 'ifn c'dddiPQ 2. 

Th© optical fiber core ^i^ay be formad by us»pg sucn a desrred mfrared-ray 'fber matenai as rescricec 
5 =P 'he rcfsgoirg amoodiment. ror examcte. a crystailina ^iber cf Silver ^aiide. thallium nalide. aikaii rauce. :r 
ihe ike. or a gsass tiber of chaiccgenide giass. "uonde giass. or tr.e tke. As described above, te 
a terratdiy armrated muiti-'ayer Rim cladding 2 is rot limited by t^e core, out '^ay be a gereraily used 
raccirg 2. 

T^e mutti*iayef film cladding 2 -s formed oy stacking successive thin films a .raterial ;'^cs;iy 
ro iransparsnt to nfrared rays. Further, the muiti-iayer film clad 2 may be a combination of rratenals nav:rg 
high and low refractive indexes. 

As described above, the inventors of this apoiication have accomplished the muid-iayer 'i!m c:ad zi 
PbF^/AgSr. Pbfi is a material having a tow refractive index and AgSr is a matenal having a hign refractive 
•ndex. Thus, the multi-layer film cladding Z has a function such that infrared light is reflected ai :ne 
rs boundary between adjacent films in the cladding 2 so as to be returned into the core i Aithougn -.re 
infrared light can be reflected also by the metal layer 3. the component of the infrared -ight entering ;nto :r.e 
metal layer without being reflected therefrom is absorbed in the metal layer to thereby generate heat m re 
metai layer. On the other hand, the muiti-iayer film clad is made of materials having high transmittance. and 
therefore it never generates heat due to absorption of the infrared tight 
30 Additionally, the inventor of the present invention has accomptished a multi-layer film dad of PbF^Oe. 
Furthermore, it is possible to form another aiternatety laminated muiti«layer film by a combination of 
materials which have refractive indexes different from each other and each of which has hign permeaiiity to 
infrared light. 

The outermost metai layer 4 is constituted by a thin metal film made of gokj. silver, aluminum, or the 
2$ 'ike and having such a function to reflect light leaking out of the alternately laminated multi-layer film clad. 
Thus, light can be perfectly prevented from leaking out of the outer circumference of the optical Kber. 

As shown in Rg. 30. the infrared light power which is allowed to leak out of the alternately (ammated 
muiti-iayer film clad is extremely small relative to the whole light power. Being thuf extremely small, the 
leaked tight power can be perfectly refelcted by the metal layer to the returned back to the core t even if 
JO the metal layer 2 is thin. 

Although the optical fiber according to the present invention has a fundamental arrangement as 
described above, the outer circumference of the metal layer 4 can be further coated with a resin layer 3. a 
shown in the cross section of Fig 28. in order to increase mechanical strength so as to protect the optical 
fiber. The resm layer 3 may be made of. for example, polyethylene, 
js Since infrared light does not leak out of the outer circumference of the metal layer 4, there is no 
possibility of burning of the resin layer 3. Therefore, it is possible to use any resin material which is suitable 
to bo molded. 

Further, since the light leakage may cause a serious problem al the incident and exit ends of the optical 
fiber, only the end pontons can be coated with the alternately lam'inaM multHayer fitm. 
40 Also in such a case, a metal (ayer coating may be effecthrety provided on the altemaceiy laminated 
muitt«(ayer film at each of the end portions. 

m order to prOw« th« fact that the optical fiber according to the present invention is effective in 
improving the amount of light power to be transmitted, the following experiment was conduied. 

An optical fiber core I made of crystalline Ag8r and having a diameter of 70O micrometers was 
4$ prepafod. The optical fiber core 1 was coaled with PbFi and AgBr by repeatedly altemately laminating one 
on top of the other fbr three cycles. That is, PbFa and AgBr are altemteiy laminated and are repeated to 
form a cladding 2 made of thieo layers of PbFj and three layers of AgBr. TWa cladding 2 was provided 
over the whole length of the core i. 

Two optical fibers were prepared in such a manner as described above. A temiinal fixing member 5, 
so shown in the perspecth/e view of Rg. 29. of stainless steel was fixed with resin at each temiinal of one of 
the optical fibers which was maintained as it was. This optical fiber wu called sample a. 

In tho other optical fiber, the multi-layer film cladding 2 was coated with gold to a thickness of y 
micrometsr according to the present invention so that a metal layer 4 was provided on the optical fiber. 
Then, a terminal fixing member S of stainless steel was fixed with epoxy resm 7 at each terminal of the 
ss optical fiber. TWs optical fiber was called a sample b. The sampio a Is different from the sample b m that 
the gold layer 3 having a thickness of t micrometer is fbrmed in sample b but not in sampi a. 

A temperature measuring thermocoupl 6 was mad lob in contact with each of side surfaces of ih 
terminal fixing members 5. Thereafer. a COa laser b am was caused to pass through each of thes 
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jampies. The mermoccupie 6 .vas irsccsed :c retect 'f.a .-efrceratufa .'!se of ;h9 rerfr.nai ^umr --^'-z^r 5 
Jt :ne exit end. ' 

T»^9 'emcerature nse tieccfr^es 'ar^s as r.^e aser oower becomes .arge. in re samoie 3. vie.-' ; -r 
5mbcdiment acccraing to che qrssem nventjon. t ^as pracucaiiy confirmed ihat the tsmoeracurs • --as 
5 smaller than mat of the sampie a and ro -aser damage /vas garerateo. 

Taoie I snows the feiaiionsnip bsr^^een (fie aser cower of a CO? faser seam, and -t:..: :? 
measurement of the temperature -ise of -.he lerirnnal fixing mem.cer in each :f the samcies a ara : "'^e 
2ser ocwer ^as oDiained by measunrg .-he cower of the laser ceam emitted /rom .ts exit end cy ,1 a 
cower mater. 

•0 

Table 1 

C02 Laser Power and Temperature at Terminal Fixing Meir.ber 
Transmission Power Ternperature Rise rc) 

taser Sample a Sample b 

— (J>utput end) 





SOW 


55 


40 




75tf 


81 


62 




lOOW 


113 


85 




125H 


140 


103 


30 


ISOW 


170 


125 




175W 


Laser daaagt 


145 






In terminal 




3S 




fixing aenber 





As apparent from these results, the temperature rise in me sample b provided with the i micrometer ihick 
gold layer was suppressed to 70 • 80% of that in the sample a providod with no gold layer. 

4Q Further, in the case where the power of the COi laser beam was 175W, damage was generated m :he 
terminal fixtng portion of the sample a so that the sample a was not able to be used. The sample b. on the 
contrary, could be used even in the case of the laser* power of 175W. On the assumption lhat (he 
temperature rise is a factor for determining an upper limit of laser power which can be transmitted, the 
sample b according to the present invention can transmit laser power larger than that of the sample a by 20 

4S ' 30%. *" 

Thus the fiber according to the invention is an excellent infrared-ray fiber and offers the following 
advantages: 

(1 ) Infrared light which is apt to escape from the optical fiber can be enclosed in the core. 

(2) There is no limiting condition between the refractive index of the core material and the refractive 
so index of the aitemarey laminated muitt-fayer film forming a cladding. 

(3) Even If a mechntcally reinforcing layer is provided on the outside of the fiber so as to be tn close 
contaa wtm the fiber, (he reinforcing layer is not heated. Accordingly, it is easy to provide reinforcement 
of the fiber. 

(4) By the sam reason, it is easy to support or fix the fiber. 

55 (5) Because light which is apt to escape from th optica) fiber can b enclosedt material around the fiber 
is not heated by absorption of leaked Kght. 

(8) The optical fiber can be used without cooling even in bad conditions with respect to heat radiation. 
(7) The light transmission capacity of the optical fiber is increased. 
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(8) 9y ihe altarnaWly .aminated .Tiuiti-iayef «im. ;he core can be protected against -regracar-cr : *: 
water. 

;9) Because Ge is used as sne 'ayer miM -p.q ailernateiy 'amirated 'nuiti-'ayer 'Hm. :-9 'Cif 
cannot be degraded or decomposed. 
4 (10) Cost can saved compared with case wnere the whole surface of the -iber ^s ccated vith ir. 
alternatety *aminated mutti«iayer film having a uniform numtyer of tayers. 

(lU Because (ne interrr^eaiate portion as weil as each of the end portions .'^^ay :e ccaieo virK ar 
alternating *ilm formed by 'amination of at least one repetition cycle, nght atssorcers cannot ce n ::r9c: 
contact with the fiber core. Accordingly, the -ight transmission charactenstic :s ^xceuent n staci-.ty 
:o compared with the pnor art case where onty the end ponons are coated. 

(12) In the optlcaJ fiber incorporating a metai 'ayer according to the present invention. 'eaKaqe or '*gh! x*; 
of the outer circumference of the optical fiber is small in comparison with an optical fiber orovced -viin 
only the alternately laminated muld'-layer film clad. 

Fg. 27 l3 a graph showing a radial distributior^ of density of ight power :n a cross section of re 
t$ optical fiber wth a metal according to the present invention. The light power in the outer ::rcumferen{;2i 
surface of the optical fiber is zero because (he light is reiected back by the metai iayer. 
Therefore, the amount of light power which can be transmitted is further increased. 

(13) The temperture rise of the terminal fixing portion is less because no light power leaks out of :r.e 
optical fiber. Therefore, laser damage hardly occurs in the terminal fixing portion. 

20 (H) The power of light reaching the metal layer has been reduced by the existence of '.he aiternateiy 

laminated muiti*iayer film clad. Therefore, the light of such reduced power as descnbed above can oe 

perfectly reflected by the metat layer even if the metal layer is thin. 
^ In an optical fiber provided with a metal layer fonned directly on the circumference of a core, there 

has t)een such a disadvantage that strong light impinges onto the metal layer so that the metal <ayer 
25 cannot reflect the light perfectly and absorbs a part of the light to raise the metal temperature, in me 

optical fiber according to the present invention, however, the alternately laminated mutti-tayer film •$ 

provide, so that th foregoing disadvantage can be eliminated. 

(IS) In the case where a silver halide crystal or a thallium halide crystal is used as the matenai of re 
optica) fiber core, the core matehal may be decomposed by ultraviolet light or visible light when the ight 
30 enters. 

In the optical fiber according to the present invention, however, there is provided the metal :ayer 
through which visible light as wed as ultraviolet 'ight is not allowed to pass. Therefore, the core matertai 
is never decomposed due to time aging even when the core matehal is made of a silver haiide crystal or 
a thallium halide crystal. 

js The optical fiber according to the invention may be used, for transmitting a COa laser oeam. as a 

light transmissiofl line for a laser medically treating equipement. a laser processing machine, or the like. 

The optical ffber according to the present invention can be used as an optical fiber for transmitting 
carbon dioxide laser light for various purposes, such as a transmission line for laser medicine, a 
transmission Qne for laser machining, etc 

<ie 

Cieinm 

1. An optical fiber, comprising an optical fiber core: and 
tfS an optical fiber cladding covering outer peripheral 

surfacea of said core at end portions of said core, said cladding comprising at least one lamination pair 
of a first layer of a first material and a second layer of a second material of predetermined thicknesses 
and differing refractive indicee. 

50 Z The optical fiber of claim 1, wherein said second material substantially consistt of germanium, said 
thickness of said first layer is not larger than 3.3 urn and said ihfckneae of sakl second layer is not 
larger than 1.49 um. 

1 The optical fiber of daim l. wherein said second material substantially consists of silver bromide, said 
ss thickness of said first layer is in the range of 0.3 • 7.8 am and said thickn sa of said second layer is n 
th rang of 0.6 * 3.1 am. 

4. An optical fib r comprising an optical fiber core: and and optical fiber cladding covering outer 
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oefipnerai surfaces zi said ccrs at east ai erd ccrncns or said :of9 ^ai'i ::cCC!r.^ ::r-c' s:-; i: ^is 
:wo 'amiration cairs o\ a first 'ayer or a ^atera! ana a sewc ayer :: i sec:?*.: -i;?':- 
aredeiafmineci ihcknessas and ^jfferirg -efraciive .<^diC83 /vheratn tera are a "-r-ce? * :* - j-: 
ammauon pairs at said ana pcrticns of :3Jd rore ana irere are a '-rcer ti saio ar' *5: :"» n*? 
5 rovsfing said cere at an intermeoiate pcnon ceiween said and ccrt'crs and 0 

5. The opocai '!ber of claim \ or wharein said cora substantially consists :f ore -r.errcer se'-sc:*: -t^ 
. grouo consisting of. a ihaiiium cniorde rr/stal. a trailiom orcrrtce rrystaf. a '-a»::Lrr. :c.ce :-.5:3 

and mixed cr/stais thereof. 

'0 

6. The optical fiber of clai^^ t or 4. wherein said cere sucstaniially ccrsists :f :r9 rrercar 3e ec:50 'r:-- 
:he grouD consisting of a silver cnloride crystal, a silver bromide cr/stal. a 5.!v=3r ccce :r,i:-, ir: 
•'nixed crystals thereof. 

t5 7, The optical fiber of claim i or 4. wherein said core substantially consists zi cne mercer se'ec:*-:* v: -* 
the group consisting of a cesium iodide cn/stals. a cesium bromide crystai. a cesium cdce :". ra: £'*: 
mixed crystals thereof. 

a. The optical Hber of claim 1 or 4. therein said first material substantially consists of 'ead ''luor<de ar: 
20 said second materia) substantially consists of germanium. 

9. The optica) fiber of claim 1 or 4, wherein said first materia) substantially consists of lead ftouroa arc 
said second material substantially consists of silver bromide or silver chionoe. 

2S 10. The optical fiber of claim i or 4. wherein said core substantially consists of a thallium haiide crystal 

It The opticai fiber of claim 1 or 4. wherein said core substanoaiiy consists of an aikaii .latide crystal. 
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